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ABSTRACT

The dual fuel engine is a compression ignition engine in which some of
the energy release during combustion comes about from the combustion of
a gaseous fuel mixed with air prior to introduction to the cylinder. Within
the cylinder, it is then ignited by a pilot distillate injection. Some aspects of
both the fundamentals of dual fuel combustion and its application in engines
need further clarification. These are particularly the problem of engine knock,
the optimum use of diesel fuel, the reduction of unwanted emissions at light
load, the reaction between the liquid and the gaseous fuel and its affect on
the combustion, and the flame propagation in a dual fuel environment. Very
few reports are available on modelling of the dual fuel combustion process in
comparison with the substantial development which has occurred in modelling

both SI engine and CI engine combustion.

A new quasi-dimensional phenomenological model for the combustion in a
dual fuel engine has been developed here based partially on knowledge of flame
propagation in SI engines and of spray burning in diesel engines. However, it is
particularly based on an investigation of dual fuel combustion carried out using
experiments in a constant volume combustion bomb developed for this purpose.
The model’s coefficients have been evaluated and a physical meaning given to
some of the processes. A formula to calculate the dual fuel ignition delay has
been proposed based on regression of the pressure rise delay data obtained from
the combustion bomb. The effect of heat transfer is considered. Computational
results have been compared with experimental for various initial conditions with
good agreement. Preliminary work to incorporating the model into an engine

simulation package has been carried out.

Combustion phenomena have been studied in the combustion bomb for both
sole diesel and diesel-gas fuels. The ignition delay for diesel combustion was
found to be very close to that obtained from actual diesel engines. In the dual
fuel combustion experiment, normal combustion can still be achieved at gas
substitution levels as high as 95% of the total energy. Suggestions for further

analytical and experimental investigation are given.
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Chapter 1

Introduction

HIE S0 o e

3

NOMENCLATURE

empirical constant in combustion rate function,-.
empirical constant in combustion rate function,-.
empirical constant in combustion rate function,-.
rate of internal energy, W, kW.

empirical constant in combustion rate function,-.
enthalpy of species j, J,kJ.

heat transfer coefficient,W/m? K.

liquified petroleum gas.

empirical constant in combustion rate function,-.
mass flow rate of species j, kg.
multi-dimensional model.

natural gas.

Nusselt number,-.

pressure, Pa,kPa.

Prandtl number,-.

phenomenological model.

heat flow rate ,W,kW.

gas constant.

Reynold number,-.

temperature, K, °C.

top dead centre.

work transfer rate in energy conservation equation,W,kW.
burned mass fraction, -.

density,kg/m3.

crank angle,degree.



1.1 Origin of the Question —the Use of Gas in
Large IC Engines

Energy crises and the increasing level of pollution of the environment have
focused attention and financial resources towards a better understanding of
the combustion process in engines as a means of improving fuel consumption
and reducing exhaust emissions. In addition, considerable resources have been
devoted to obtain suitable alternative fuels for IC engines. One of the most
active fields is the substitution of gas for diesel oil. Use of a gaseous fuel in
a diesel engine has many advantages, three important aspects being (1) Gas,
particularly natural gas is a relatively abundant and low cost fuel; (2) The
combustion of gas releases much less carbon dioxide than any other fuel; (3)
The existing diesel engine can be adapted to operate with gas with relative
ease. Several countries, including Australia, Canada, Holland, Italy and New
Zealand, have large research programs on gas substitution for diesel oil. In

Australia, at least $5 million has been invested and 12 organizations have been
involved [16].

Two methods of using gas in diesel engines are possible, these being total
substitution by conversion to large spark ignition engines or partial substitution
with the retention of distillate injection at a reduced level, basically for ignition
purposes. The former is often referred to as an SI gas engine and the latter as
a dual fuel diesel engine. The combustion process of dual fuel diesel engines is

the subject of this thesis.

The dual fuel engine is a conventional diesel engine in which some of
the energy release during combustion comes about from the combustion of a
gaseous fuel such as natural gas (predominately methane) or liquified petroleum
gas (predominately propane or butane) which the liquid diesel fuel ignites.
During combustion, the gas provides most of the energy release but the
distillate, through timed cylinder injection, provides the remaining part [1].
It has been shown that the dual fuel engine has, in principle, superior power

producing characteristics to those of the conventional diesel engine, superior

2



emission characteristics, quieter and smoother operation, improved low ambient
operation and reduced thermal loading. It also has superior operational
characteristics to those of the corresponding SI gas engine because it offers
superior control when accepting a much wider spectrum of fuels. It does not
require the various changes in spark ignition timing needed in SI gas engines
with changes in load and fuel and it has the ability to operate over a wide range
of charge mixture strength thereby permitting quality control without resorting

to throttling and its attendant deficiencies [158].

The SI gas engine is the preferred option for some countries for several reasons
which are as follows: (1) compared to the dual fuel engine, it is easier to fuel
with gas and (2) it does not need to carry two fuels simultaneously. However,
the SI gas engine has some disadvantages in comparison with the corresponding
dual fuel engine. These are: (1) The cost is high when conversion from diesel
operation to SI gas is undertaken and reversion to diesel use if necessary is also
difficult. Conversion of the diesel engine to dual fuel operation is of relatively
low cost and the reversion, when needed, is easier; (2) The SI gas engine requires
a low compression ratio (10.5 to 12.0 for liquified petroleum gas and about 15
maximum for natural gas) with low gas concentration to avoid auto ignition.
Under these conditions, the flame ignited by the electronic spark takes a long
time to propagate through the entire gaseous fuel. This may cause low efficiency
and a high level of unburned fuel, particularly in a large engine. The dual fuel
engine is able to operate on a much wider range of charge mixture strengths,
the distillate pilot spray in the dual fuel engine providing larger ignition energy
and a larger number of ignition nuclei than that of a spark thus enabling a

better combustion of the gaseous fuel.

However, the dual fuel engine has its own disadvantages and some basic

operating problems. These will be discussed in the next section.



1.2 Basic Operating Problems of Dual Fuel
Engines

Dual fuelling a diesel engine is not a new concept, it having been used on a
number of occasions over many decades when diesel oil is in short supply. A
dual-fuelled diesel engine is operated on the following principles. Gaseous fuel
is introduced to mix with the incoming air either by use of suitable carburettion
equipment or by direct in-cylinder injection. The gas-air mixture is then
compressed to just below its auto-ignition condition. Because the compression
ratio is fixed, this dictates the maximum gas/air ratio which can be used. This
compressed mixture is then ignited by the injection of pilot liquid fuel (usually
as a conventional diesel oil spray) near the top dead centre position. The
primary fuel is generally gaseous at atmospheric conditions and controls the
power output. The pilot liquid fuel, which is injected through the conventional
diesel injection equipment, may contribute substantially to the power but, to
conserve petroleum stocks, it is desirable that it provides less than 10% of the

maximum power output.

Although it has been shown that the dual fuelled engine has generally better
operational characteristics than the corresponding conventional diesel engine
and the spark ignition gas engine [158], the dual fuel diesel engine has its own
basic operating problems. In particular, the dual fuel engine has relatively poor
performance, low output efficiency and inferior emission characteristics at light
load operation when compared to the corresponding diesel engine. The reason
for this is that the flame is unable to propagate throughout and consume the
fuel mixture due to it being either too lean and/or well below the effective
flammability limit under the prevailing conditions. In addition, the maximum
load and maximum substitution level of gas in a dual fuel engine are restricted
by the engine knock limit because engine knock, which is mainly the end-gas
auto-ignition knock similar to that in an SI engine but also the ignition delay
type knock characteristic of diesel engines, occurs at high gas concentration and
high compression ratio [10]. Furthermore, the combustion processes in a typical

dual fuel engine tend to be complex as they are combinations of the problems
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encountered in diesel and spark ignition engines.

1.3 General Research Background on Dual Fuel
Engines

Dual fuel diesel engines have been investigated for a long time. The origin
of the dual-fuel engine can be traced back to Dr Diesel himself who patented
an engine running on essentially the dual-fuel principle [3], [4]. Work in the
early stages of development was directly orientated towards the operational
mode of the dual fuel engine. In 1951, Elliot and Davis [5] suggested that
the poor efficiency at part load was probably due to the fact that at loads
below a certain limit, part of the charge passed through the combustion process
without apparently taking part in the combustion reaction. Moore and Lewis
[6] confirmed that, at very weak mixtures it was most probable that only the
portion of the charge directly in contact with the pilot spray was fully reacted.
Part-load efficiency could be improved by increasing the pilot quantity thereby
providing more ignition energy and ignition nuclei, by preheating the intake
charge so that the temperature of the gas-air mixture is higher, and/or by
throttling of the main air charge to obtain an effectively richer gas mixture for
the same amount of gaseous fuel addition. Felt and Steel [7] suggested that the
addition of lead alkyls to the main fuel was effective in retarding the onset of
knock and that the loss of combustion control in the dual-fuel engine is similar
to that of knock in spark ignition engines. Karim et al [4] investigated the
phenomenon of uncontrolled combustion in a dual fuel engine and observed
that, when running at weak mixtures the ignition delay was very large. They
found that increasing the gaseous concentration led initially to a reduction of the
ignition delay to a minimum after which a rapid increase in the delay occurred
until the point of ignition failure was reached, as shown on Figure 1.1. They also
found that increasing the temperature reduced the ignition delay. More recently,
in an investigation of dual fuel engine operation under cold intake temperature
conditions, Karim and Burn [8] suggested that the increase in dual-fuel ignition

delay is due primarily to the kinetic role played by the gaseous fuel in the
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Figure 1.1: Typical variations of the ignition point of a dual fuel engine operat-
ing at constant speed and constant pilot quantity with methane. Reproduced

from reference [154].

pre-ignition reactions of the pilot fuel. They also predicted that a substantial
increase in the maximum power output could be obtained from the dual fuel
engine when it is operating under cold intake temperature conditions. In a
study of diesel oil, n-heptane, or cetane as the pilot fuels and hydrogen, carbon
monoxide and methane as the gaseous fuels for a dual fuel engine test, Nielsen,
Qvale and Sorenson [9] noted that several engine parameters affected dual-
fuel ignition delay. In an investigation of small dual-fuel engine performance,
Milton [10] investigated the maximum gas substitution of both NG and LPG. He
observed that at the knock limit, the ignition delay with NG is greater than that
with LPG. The addition of gas always resulted in an increase in the ignition
delay, differing from Karim’s observation [4]. That is, while there is general
consensus that the ignition delay of the pilot fuel is altered by the addition of

gas and that it usually increases, some difference exists regarding the details.

In relation to the modelling of the dual fuel combustion processes, few works
have been reported. Thyagarajan and Gajendra Babu [11] applied a single zone
( or zero-dimensional ) model combined with an empirical spray model in order
to build up a heat release model for dual fuel combustion. They then used this

model to predict the operating parameters of a diesel-biogas dual-fuel DI engine.
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Similarly, Rafiqullslam et al [12] calculated the heat release of a diesel-biogas
IDI dual fuel engine by applying a single-zone heat release model which was
originally developed for diesel engines. At a more detailed level, by evaluating
and combining several single fuel reaction models, Nielsen and Sorenson [13]

suggested a kinetic model to predict the increase of dual-fuel ignition delay

until the point of ignition failure.

In spite of all these efforts, there are at least five areas where further
clarification is needed [8],[14], both for application to an engine and for

clarification of the fundamentals of the combustion process.

Those that are essentially related to application are:

(1) The problem of knock in dual fuel engines;
(2) The optimum use of diesel fuel in relation to the gaseous fuel;

(3) The reduction of the emission of unburnt hydrocarbon and carbon
monoxide under light load operation and oxides of nitrogen under high

loads;
and to the fundamentals of combustion are:

(4) The reaction between liquid and gaseous fuel and its affect on both the

pre-ignition and post-ignition process;

(5) The flame propagation in the gaseous fuel under different conditions of

swirl, turbulence and distillate burning.

Moreover, very few reports are available on modelling of the combustion in dual
fuel engines and no completely satisfactory model is yet available, This should
be compared with the substantial development that has occurred in modelling
the combustion in both spark ignition engines and compression ignition engines

in recent years.



Hence, a further fundamental study of combustion in the dual fuel engine
is required as a base for establishing a proper analytical model, having both
application and academic value. This is the purpose of this thesis. Some

background on modelling and on dual fuel combustion is presented in the next

two sections.

1.4 Brief Review of the Modelling of In-cylinder
Processes

Before attempting a model of the dual-fuelled combustion process, it is
important to examine the models already available of IC engine combustion,
both for spark ignition and compression ignition engines. To date, two distinct
modelling approaches to in-cylinder processes are available, these being the
Multi-dimensional model (MDM) and the Phenomenological Model (PM) [19].
The MDM attempts to solve conservation equations for mass, momentum,
energy and species in several spatial dimensions and time for the evolution of
in-cylinder flows, heat and mass transfer, and combustion. On the other hand,

the PM describes complex engine processes in terms of separated, physically
-based submodels. MDM and PM are briefly described in the following two

subsections.

1.4.1 Multi-dimensional Models

Multi-dimensional models are also known as dimensional-based models. They
are complete fluid-dynamic based models which include combustion phenomena.
They can exist as one dimensional, two-dimensional and three-dimensional

models.
As summarized by Heywood [19], the principal components of MDM are:

- Mathematical models or equations which are used to describe the flow

processes. Of especial importance are the turbulence sub-models which
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describe small-scale features.

- Discretization procedures which are used to transform the differential

equations of the mathematical model into algebraic relations.
- Solution algorithms which are necessary to solve the algebraic equations.

- Computer codes which must be developed to actually perform the numer-
ical algorithm and calculation. These must provide an easy interface for

the input/output of information.

Some of these are dealt with in greater detail below.

Mathematical model: Besides the well known conservation equations
of mass, energy, momentum and species, turbulence models are important
because they provide a means of calculating the small-scale motion whose direct
numerical solution from governing equations is still impractical because of the
significant spatial and temporal variations that turbulent flows exhibit over a

large range of scales.

There are two main approaches to turbulence modeling, these being full-field
modelling (FFM), also known as statistical flux modeling (SFM), and Large-
eddy simulation (LES).

FFM define the turbulence as the deviation of the flow at any instant from the
average over many cycles of the flow at the same point in space and oscillation
phase. These have been used by many researchers such as Gosman et al [29]
who use phase averaging (or ensemble averaging) turbulent variables, Rubesin
et al, [30], [31] who use mass-weighted (or Favre averaging) turbulent variables,
Reynolds [30], who combined the ensemble and Favre averaging, and El Tahry
[36], who applied the Reynolds stress model to engines. Much research has also
carried out on investigating the turbulent stresses (also called Reynolds stress, as
contained in Reynolds’ momentum equations [30], [19]) . The most widely used
model is the k-¢ model [32], [33], [34], [35]. The k-¢ model assumes a Newtonian

relationship between the turbulent stresses and the mean strain rates, allowing
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the turbulent viscosity appearing in this relationship to be computed from the

local turbulent kinetic energy k and its dissipation rate e.

Large-eddy simulation is a three-dimensional, time-dependent calculation of
the large-scale turbulence [30], [19]. Differing from FFM, LES defines the
turbulence in terms of variations about a local average. Thus turbulence in
LES is always related to events in the current cycle. In LES, only the small
eddies might be modelled, the large eddies being computed explicitly [37]. Clark
et al [38] have performed some subgrid scale model evaluations. Kwak et al
[39], Shaanan et al [40] and Mansour et al [41] studied LES in homogeneous
isotropic turbulence. Mansour et al have studied LES applications in free-shear
flows [42]). Amsden et al [43] and Bulter, et al [44] have applied LES in engine
simulation. A number of fluid mechanics codes are now available which include
the above features. The basic conservation equations may be incompressible

or compressible from a range of available turbulence models. Typical examples

are PHOENIX [160] and KIVA [161].

Discretization of Model Equations and Solution Algorithms: In
order to apply the equations to an engine, appropriate configuration and
solution mechanisms need to be determined. Cylindrical grid arrangements
were employed in references [45], [46], [47], [67] for the restriction created
by a cylindrical combustion chamber, while the more flexible “body-fitted”
coordinate frame/grid also has been used by Butler et al [49] and Amsden
et al [43].

It is common to use first-order upwind differencing for the convective
transport terms and second-order central differencing for the diffusive terms.
Blending the first-order upwind and use of a higher-order approximation
to delineate the “higher-order” overshoots also has been applied [36], [50].
However, it has been found that true mesh-independent solutions could not
be achieved even with densities of up to 50 nodes in each coordinate direction

[71].

First-order temporal discretization of the transport equations differ in
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forward differencing (leading to implicit discrete equations) and backward
differencing (leading to explicit discrete equations). When these numerical
methods are applied to compressible flows in internal combustion engines, it
is usually inefficient at low Mach number because of the wide disparity between
the time scales associated with the convection and with the propagation of sound
waves. One procedure used is semi-implicit. That is, all terms in the governing
equation that are not associated with sound waves are explicitly advanced with
a larger time step At similar to that used with implicit methods, while terms
associated with acoustic waves (the compression terms in the continuity and
energy equations and the pressure gradient in the momentum equation) are
explicitly advanced using a small time step 8t that satisfies the sound-speed
stability criterion, and of which the main time step is an integral multiple. This
also called the acoustic subcycling method. It works well at Mach numbers
which are not too low, but is not suitable when Mach numbers tend towards zero
because the number of subcycles (At/ét) then tends to infinity. In applications,
this is when At/ét is greater than 50 [19]. Under this situation, the Mach
number has to be increased artificially by multiplying the pressure gradient
in the momentum equation by a time-dependent scaling factor 1/a(t)?, where
a(t) > 1 [43).

Application of the One-dimensional Model : The most frequently used
MDM in engine design processes is the one-dimensional model of flow in the
intake and exhaust system. In combustion research, Sirignano [51] proposed
the first one-dimensional model of spark-ignition engines with a planar flame
propagation. This assumed that the bore-to-stroke ratio is much smaller than
unity and the primary direction of flame propagation is axial. Westbrook
[62] used a one-dimensional planar model to study flame propagation in
homogeneous and stratified-charge engines. Singh and Surakomol [53] developed
a one-dimensional cylindrical flame propagation model to analyze the heat
release rate in spark ignition engines. One-dimensional models including the
k-e turbulence model have also been applied to calculate the heat transfer losses
through cylinder walls [54], nitric oxide formation in homogeneous and stratified

charge spark ignition engines [55], and to study flame quenching processes in
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spark ignition engines [58]. One-dimensional models have also been used to
analyze two-phase flows in diesel engines [56], and to study the dynamics of
flow processes in the induction and exhaust systems [57]. They have also been

applied in rotary engine modelling [59], [60].

Application of the Two (or more) Dimensional Model : For SI
engines, two or three dimensional MDM have been applied to analyze turbulent
flame structure and propagation [61], [62], [63], [70], [72], to predict heat release
and pressure as a function of the engine load and rpm [64], [65], and to predict
the flow field [66], [67], [68], [69]. For diesel engines, MDM is mostly applied to
the analysis of the flow field [79], [80], [73], [81], spray modeling [82], [74], [75]
and vaporization of liquid fuel [76], [77], [78]. Models for combustion and heat
transfer have also been reported [80], [83].

1.4.2 Brief Review of the Phenomenological Model
(PM)

Only a brief general description of phenomenological models for internal
combustion engines is presented here. More detailed and comprehensive
literature reviews about the modeling of engine combustion are presented
in Chapters 3, 5 and 7. Phenomenological models (PM), also known as
thermodynamic-based models, have been used extensively in the analysis of
engine design and operating philosophies. The structure of a typical PM has
been described as shown on Figure 1.2 by Blumberg et al [84].

Common Assumptions, As reviewed by Blumberg et al [84], most of the

PM have used the following common assumptions:

- Combustion rate is specified by some functional relationship for the zero-
dimensional model where the start of combustion 6,, the combustion
duration A, and the current crank angle are related. Two examples
of such function are the cosine burning law

% o 6—0, )
dd ~— 2A0, A6,

- stnfm(
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and the Wiebe function

dX, 6
_da— = a(m + 1)(

— 050 0 -0, .11
g, ) eplmal—7g )™ ]
Combustion rate can also be obtained by solving the equations of the

quasi-dimensional model.

Gas properties can be specified by use of curve-fitted data on fuel
vapour, air and burned products or by a combination of curve-fitting
and approximations to thermodynamic equilibrium calculations. In
calculating the properties of a mixture, the individual gases are modeled

as ideal gases.

Heat transfer Heat transfer in reciprocating IC engines is generally

modeled using the Nusselt-Reynolds number correlation
N, = chPre

which is derived for heat transfer in steady turbulent non-reacting flows
over pipes and plates. Here c, d, e are empirical constants. Typically,
d=0.8, Pr* =1 and ¢ = 0.023. Heat transfer is assumed not to occur

across the flame front during combustion.

Mass flow past valves and orifices are modeled by the equation for
adiabatic isentropic flow through a nozzle. A discharge coefficient is used

to yield the effective area for the particular constriction.

Nitric ozide calculations are performed using the extended Zeldovich

kinetic scheme.

Pipe dynamics are calculated in some multicylinder spark- ignition and
diesel engine simulation by solving the one-dimensional, unsteady gas

dynamic equations.

Governing equations: The primary equations governing the system are

[1] the first law of thermodynamics for an open system
E=Yhm;—Q-W
Jj
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[2] the equation of state

P =pRT

[3] the momentum equation which is satisfied by assuming the pressure

is uniform within each open system.

PM Application in SI Engine Simulation: Phenomenological models
have been applied in predicting NO, formation [20], [86], [87], [88], [89], [90];
fuel economy and engine performance [85], [95], [94]; CO formation [91], [92],
[93]; burning rate modeling [96], [97], [98], [125], and [126] ; heat transfer [99],
[100]; hydrocarbon emission [101], [100]; and engine knock [102], [103].

PM Application in Stratified Charge Engines: Here only a brief review
will be given for the open chamber stratified charge engines since the divided

chamber engine is less related to this research.

Because of the complex nature of stratified charge operation, most of the PM
models heavily rely on simple formulations of fairly complex phenomena. Two
typical examples are: (1) the Texaco Controlled Combustion System (TCCS)
[104], in which the entire combustion process is described as consisting of a
rapid combustion coinciding with the injection rate, plus a diffusive combustion
controlled by air entrainment into the burned gas plume. A submodel for fuel
spray and a submodel for plume entrainment have been applied. (2) the Ford
Programmed Combustion Engine (PROCO), for which, PM have been applied
to study the NO,, and CO formation.

PM Application in Diesel Engine Simulation: The early practice of
phenomemnological modelling were usually zero-dimensional. Engine perfor-
mance was studied by utilizing empirical heat release rates obtained from ex-
perimental pressure traces [105], [106], [107], [108], [109], [110]. More recently,
many quasi- dimensional models have been developed where some dimensional
factors are introduced into sub-models. Those quasi-dimensional models, which
relieve some unrealistic assumptions such as those of homogeneous dispersion

during fuel injection, have been applied for both combustion modelling [108]
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(111], [112], [113], [114], [115] and emission modelling [116], [117], [118], [119],
[120].

1.4.3 MDM vs PM

Compared to phenomenological models, dimensional-based models have the
advantage of being capable of providing detailed information of the spatial and
temporal variation of the velocity, temperature and pressure field in one, two
or three dimensions. However, MDM require much more computing effort than
do PM. This disadvantage limits their application in entire engine simulation.
On the other hand, phenomenological modelling requires less computing effort
because it describes complex engine processes in term of separated physically-
based sub-models, which very often are empirical correlations. Thus, PM have
been commonly used for calculation of engine performance particularly in entire
engine simulation. Because of the complexity of dual fuel combustion, the
author of this thesis chose the PM approach rather than the MDM for this
research because the time and effort required for developing a MDM of dual

fuel engine combustion is unwarranted at this stage of development.

1.5 Some Typical Experimental Research on
Dual Fuel Engine Combustion

As has been described previously, most of the dual fuel combustion research has

been orientated directly towards the operational mode of engines.

In 1967, Karim et al investigated experimentally the knock-free limit of
dual fuel engine operating parameters experimentally [4]. Their experimental
apparatus was a four stroke, single-cylinder direct-injection Gardner engine of
4% in. bore and 6 in. stroke. Experiments were conducted at compression ratios
of 14.2:1 and 11.6:1, respectively. Common gaseous fuels including methane,
propane, ethylene, acetylene, hydrogen and some of their mixtures were used.

They studied the effects of gas concentration, pilot injection quantity, injection
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timing, swirl, the cetane number of the fuel and intake temperature on the onset
of engine knock and ignition delay. They found that the ignition properties of
the pilot fuel have relatively little effect in determining the onset of knock,
compared with that of the main primary gas fuel. They also observed that
the behaviour of all the hydrocarbon fuels used and their mixtures follow a
similar consistent pattern. They believed that the knock in dual fuel engines is

predominantly of an auto-ignition nature in the gaseous charges.

The same Gardiner diesel engine was also used by Karim et al [8] for the
investigation of dual fuel engine performance and exhaust emissions under cold
intake temperature condition. They observed that the extent of the increase in
ignition delay is extremely sensitive to the intake temperature of the mixture. A
very low intake temperature with small pilot quantities produced erratic running
and led to ignition failure, particularly at very low loads. One of their important
observations was that dual fuel operation tended to increase the maximum
brake power available from normal diesel operation for the same overall fuel-
air ratio. This indicates that potentially more power can be produced from
the dual fuel system with the same cylinder size. They also observed that the
concentration of carbon monoxide and unburned gaseous fuel in the exhaust
showed a slight increase over the diesel for low load dual fuel operation, but
were much lower at high loads. NO, emissions also decreased substantially at
cold intake temperatures. They also observed that cold intake temperatures
suppressed the tendency of the engine to knock. It is therefore believed that

the maximum power output can be increased with cold intake temperatures.

Milton investigated the dual fueling performance of a four stroke, 4-cylinder
IDI Perkins diesel engine of 92.0 mm bore, 101.6 mm stroke [10]. NG and LPG
were used as primary gaseous fuels, maximum gas proportion being measured
under the limit of either engine knock, excessive unburned HC levels in exhaust,
or engine stumble or misfire. He observed that injection advance was able to
increase the engine efficiency over most of the speed range ( 600 - 3600 rpm)
with up to about 6° of advance providing continuing improvement with natural
gas. He also found that gas substitution levels can be improved by reducing the

compression ratio. However, this was offset by a reduction in efficiency.
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Some researchers have used a dual fuel engine to investigate the dual fuel
ignition delay [9], [154]. However, no satisfactory formula has been achieved
for its calculation because of the complex nature of dual fuel ignition. These

papers are reviewed in detail in Chapter 6.

As can be seen from the aforementioned research activities, information
obtained from engine experiments has usually been directly related to the
operating parameters of an engine. In many cases, the information is also
strictly restricted to a particular engine configuration. Because it is extremely
difficulty to fully control each parameter separately and to measure them
precisely during engine operation, it is important to resort to devices other than
the actual engine for combustion research. As has happened in SI and CI engine
research, the high-pressure constant-volume combustion bomb is a useful tool,
particularly for the research of in-cylinder processes. Much knowledge of flame
propagation in SI engine cylinders and of spray motion and ignition delay in
diesel engines, has been obtained from extensive combustion bomb experiments.
Later chapters in this thesis will show how the experiments carried out in a
constant volume combustion bomb are used in developing an analytical model

for diesel combustion and dual fuel combustion, respectively.

1.6 Objectives and Structure of This Research

The main purpose of this research is establishing a phenomenological model
for dual-fuel combustion, in order to study the optimization/minimization of
diesel fuel usage in the dual-fuel diesel engine. In order to achieve this purpose,
the project is divided into several sub-tasks and this thesis is arranged and

structured according to those sub-tasks as follows:

(1) A thermodynamic-thermochemical sub-model for in-cylinder dual-fuel
combustion will be developed. This is the cornerstone of a combustion model

and is described in detail in chapter 2.

(2)This research features dual fuel combustion which is essentially that of a
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homogeneous gas-air mixture ignited by a injected pilot liquid fuel. Therefore,
the gas-liquid dual fuel combustion would be expected to exhibit features
both from the SI type combustion, which is essentially homogeneous, and
CI type combustion, which is essentially heterogeneous. Modelling the flame
propagation of SI engine combustion is therefore investigated in chapter 3, and

modelling of diesel engine combustion in chapter 5.

(3) In order to obtain experimental validation of the model, a constant
volume dual-fuel combustion bomb has been developed and experiments have
been carried out. The experimental setup and procedure are described in
Chapter 4. Experiments have been carried out for both sole diesel fuel and
diesel-gas dual fuel respectively. The experimental results of diesel combustion
are analyzed in Chapter 5 and the results of dual fuel combustion in Chapter 6.
Special effort has been made in studying the dual fuel ignition condition, ignition
delay and its affect on later combustion. The analytical model of diesel-gas
dual fuel combustion is developed in Chapter 7. Computational results are also

presented in comparison with measured data from the combustion bomb.

(4) The conclusions and discussion of the research are summarized in

chapter 8. Problems for further study are also discussed.
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Figure 1.2: Schema of the Structure of a Typical Phenomenological Model
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Chapter 2

The Thermodynamic-
thermochemical Sub-model of
In-cylinder Combustion

NOMENCLATURE

Symbols:

a empirical constant in the polynomial function for the enthalpy of non-fuel
species,-.

Aj; empirical constant in the polynomial function for enthalpy of fuel,-.
¢m linear regression coefficient for enthalpy, J/K/kg, kJ /K /kg.

e specific internal energy, J/kg, kJ/kg.

E total internal energy, J, kJ.

h dimensionless enthalpy for non-fuel species in the polynomial approximation,-.
hs enthalpy of fuel species in the polynomial approximation, J, kJ.

h; specific enthalpy of a species j, J/kg, kJ/kg.
hy linear regression coefficient for enthalpy, J/kg, kJ /kg.

h(} enthalpy of formation at the standard state of 1 atm.

m mass, kg.

n molar number of ideal gas, -.

p partial pressure, bar, Pa, kPa.
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v

X;

Th

pressure, bar, Pa, kPa.
fictitious pressure.

heat flow, J,kJ.

gas constant for species j.
universal gas constant.
temperature, K, °C.
Volume, m3.

specific volume, m3/kg.

average specific volume, m3/kg .
work, J, kJ.

mass fraction of species j in an ideal gas mixture, kg/kg.

burned mass fraction, kg/kg.

Subscripts:

0
b
m

u

initial state
burned zone
modelling coefficient, -

unburned zone state

Superscripts:

0

standard state of 1 atmosphere.

2.1 Introduction

The in-cylinder combustion in an internal combustion engine is a complex pro-
cess and includes phenomena such as subsonic fluid flow, turbulent transport of
mass, momentum, and energy, wall heat transfer, turbulent flame propagation
and quenching, pollutant formation, and some times, fuel spray dynamics. Phe-

nomenological models ( PM ) describe this complex engine behaviour in terms
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of separated, physically-based submodels. The thermodynamic-thermochemical
sub-model is the cornerstone of it. For this, many thermodynamic analytical
models have been proposed as summarized by Blumberg et al [84] and Heywood
[18]. Two successful approaches have been described by Heywood [19], these
being a fully mixed model and an unmixed model. The fully mixed model as-
sumes that the burned gas is uniform. The unmixed model, which is sometimes
more accurate but which requires more calculations, assumes that no mixing
occurs between gas elements that burn at different times and that each burned
gas element is therefore separately, adiabatically compressed. These are the
two extremes. The reality is somewhere in between. The fully-mixed model
has been commonly used by many researchers in various applications [20], [97],
[122], [159], and it has been shown that the fully-mixed model can provide suf-
ficient accuracy for engine combustion calculations. The fully-mixed model is

therefore used in this thesis.

2.2 Tanaka’s Thermodynamic Calculation

Tanaka has developed a computing code for combustion calculations which can
perform the thermodynamic calculation for some 26 gaseous and liquid fuels.
The assumptions on which the program is based are described in reference [159].
Briefly, these are: (1) The gas in the vessel under consideration is divided into
a burned zone and an unburned zone by an infinitesimally thin flame front.
(2) The vessel volume and the mass of gas in the vessel remain unchanged
- during combustion. The pressure is uniform at any instant. (3) The First
Law of Thermodynamics and the Equation of State for a perfect gas are used
to estimate variations in the regionally averaged quantities of the gas states
in the burned and unburned zone gases, respectively. (4) The composition of
unburned gas is frozen while the burned gas is assumed to be always in chemical
equilibrium. It includes 12 species, these being O,, N2, H,0, CO,, CO, H;, OH,
NO, 0, H, C, and N. (5) There is no heat transfer and mass exchange between
the unburned zone and the burned zone. The unburned zone gas undergoes an

isentropic compression.
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Most of these assumptions are used in the thermodynamic-thermochemical
sub-model of this thesis, with minor modifications as described in the next
section. Computing results of the present thermodynamic-thermochemical
model are compared with those calculated by Tanaka’s program in a later

section.

2.3 Thermodynamic Model, Fully-mixed As-
sumption

2.3.1 Main Assumptions

The fully-mixed model used in this study is established using the following main

assumptions:

(1) At the temperature and densities in an internal combustion engine, it
is a reasonable first approximation to assume that the volume of the
reaction zone is negligible and that the mixture within a combustion vessel
(that is, a cylinder or combustion bomb) consists of a burned fraction in
thermodynamic equilibrium plus an unburned zone frozen at its original

composition [20].

(2) The total combustion duration occurs in such a short time that the volume
of the combustion vessel is considered to remain constant during the
combustion. It is also assumed that there is no heat loss, and that the
pressure is uniform throughout the vessel during the entire combustion

period.

(3) The total mass of the fuel/air mixture in the vessel remains unchanged

while burning,

(4) Gases in the burned and unburned zones are both considered to be

mixtures of different ideal gases with constant specific heats [20], [19]

(5) It is also assumed that there is no heat transfer between the burned zone

and the unburned zone. Therefore, while combustion is in progress, gases
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in the unburned zone are compressed adiabatically.

This is similar to Tanaka’s model but differs in the calculations of the enthalpies
of the species and the equilibrium system of the burned zone gases. Tanaka
used discrete data in computing the enthalpies for the energy balance while the
current model uses linear and polynomial approximations as described later.
Tanaka’s model considered the burned zone gases as a 12 species equilibrium
system while the current model uses Strehlow’s model [24] which considers the
products of combustion to be a 14 species system. This calculation is also

described in a later section.

2.3.2 Model Equations

The equations are based on the principles of conservation of mass and energy
and the ideal gas law. Also, internal energy is evaluated by a simple function of
temperature. Compression of burned and unburned gases is assumed to occur

adiabatically. The equations are as follows:

(1) Ideal Gas Law
Pv;,=RT;; i=0,u,b (2.1)
where subscripts 0, u, b stand for the initial state, the unburned zone and

burned zone state, respectively.
(2) Internal Energy of Ideal Gases

For an ideal gaseous mixture,
e(T) = h(T) — RT (2.2)

where e is the internal energy and h is the enthalpy. Internal energy and

enthalpy are pressure independent, that is
h(T) = [h%(T) — h°(298)] + h(}

where superscript ° stands the standard state pressure of 1 atmosphere.
Values of standard enthalpies h%(T), h%(298), and h$ can be obtained from

thermodynamic property tables such as those given in [21].
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Use is made here of a linear temperature function to approximate the value

of h%(T) — h%(298) for the burned zone, that is
R(Ty) — h°(298) = cmT + A,

then
h(Ts) = cmTs + [hm + hS] (2.3)

Here, c,, and h,, are linear regression coefficients. Physically, c,, is an equivalent
specific heat over a particular temperature change interval (1000° C -3000° C for
the present study) while h,, is the enthalpy at the lower temperature. Details

of the linear regression used and values of ¢,,, h,,, are given in Appendix A.

Polynomial functions [26], [27] are used to approximate the value of h%(T) —
h°(298) for the initial state and the unburned zone. For non-fuel species, the

polynomial function being commonly used [26], [27] ,[19] is as followed,

71 _ a9 ag 2a4 3 as 4 Qg
Fm = ot 5T+ FT T+ 2T 4 5 (2.4)

For fuel species, the polynomial function chosen has the format

. t2 t3 t* A
hy=Apt+Aps + Az + Apg = —tfs'

5 3 + Age + Ays (2.5)

In both equation 2.4 and 2.5, t=T(K)/1000. Values of a; and Ay; are listed in
Appendix A.

Once h(T) — h(298) for all species in the initial state, burned zone and
unburned zone are calculated, the internal energy of the ideal gas can be

calculated by applying equation 2.2,

€g= Z X,'[hoi + h.'(To) - h,(298) - R,'To] (26)
o

e = 3 Xi[h%; + hi(To) — hi(298) — RiTo] (2.7)
U
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and
es = Y Xi[h% + emiTy + hmi — RiTh) (2.8)
5

(3) Conservation of mass:

T 1
_Yo_ =[" vpdz +/ v, dz (2.9)

mo 0 zp

where z; is the burned mass fraction at a given instant. The above equation
also can be written as
Vo = TpVp + (1 — :L'b)'t_)u (210)
where
b
vy = / vbda: / Ty
0

and

Dy = /: vudz [(1 — x3)

b

(4) Conservation of energy (First Law of Thermodynamics):

—_ —_ k- 1
0

mo b

or

eo(To) — mzo - m% = z3es(Ty) + (1 — z3)eu(TL) (2.11)

(5) Adiabatic compression of unburned gases:
T, = TO(%)(‘YIA—I)/‘YM (2.12)
where v, = cpu/Cvu

Therefore, by substituting ve, s, v, from eq 2.1 into eq 2.10, eq 2.10 becomes

RoTo RuTu -RbTb
=(1- 2.1
R (1 —z)—F—+ 2 (2.13)
Substituting e into eq 2.11 by use of eq 2.8 and rearranging gives:
+W
mb(hmb + h(}b — eu) + $bTb(Cmb - Rb) =€eg— €y — Qmo (214)
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where

Bomp = Xihmi
b

cmb = Y XiCmi
b

The above equations use kmol as the base.

Once the expression for the work W and the heat transfer Q are given, z;, T},
and T, can be solved from eq 2.12, eq 2.13, and eq 2.14 as functions of pressure
P. A simple case is when W = 0 and @ = 0. This can be considered as the
condition for an adiabatic combustion bomb. Some sample calculation results

are presented in the last section of this chapter for this case.

2.4 Chemical Equilibrium and Dissociation in
Engine Combustion

2.4.1 Brief review

The equilibrium composition of a mixture varies with temperature even if
no reaction occurs. There are at least two reasons for making equilibrium
mixture calculations. (1) Under the conditions prevailing in the combustion
chamber, dissociation of the products affects the flame temperature and other
thermodynamic functions substantially. (2) The chemical nature of the products

of combustion is affected and needs examination.

The assumption that the mixture is always in equilibrium is not valid in the
expansion and exhaust process, nor is it in the pollutant formation processes,
because the time available may not be sufficient for all substances to reach
equilibrium. However, a good approximation for performance estimations can
still be provided by regarding the combustion product mixture as being in
chemical equilibrium throughout [19] [22]. The working fluid of an internal

combustion engine can usually be regarded as being made up of a hydrogen
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+ carbon + oxygen + nitrogen (HCON) system without carbon deposition.
Also the equilibrium mixture can be considered as being composed of either
six species, ten species, 12 or more species, depending on the desired accuracy
[22]. Standardized computer methods for this calculation have been developed,
typical examples being the NASA program [27] and Strehlow’s program [24].
This research applies Strehlow’s program for calculation of the chemical

equilibrium composition.

2.4.2 Strehlow’s calculation program and Weinberg’s
Rapid Convergent method

Chemical equilibrium calculations for a large number of species is normally
very time consuming. However, there are techniques which can minimize that
calculation problem, the best known being that of Strehlow [24]. Strehlow’s
calculation, based on a technique described by Weinberg [25], regards the
equilibrium mixture as consisting of 14 species: H,, O,, H,0, CO, CO,, OH,
H, O, N;, N, NO, NO,, CH,, and 1. Here I is an inert species such as argon.

A ‘fictitious pressure’, P, of the elements is defined. This is the partial
pressures that the elementary constituents would attain if they were present
as monatomic gases. For example, for methane (CHy) as a fuel, this can be

expressed as:

Carbon:
Pc = pcoz2 + pco + PcH4
Oxygen:
Po = 2po2 + 2pco2 + pco + PH20 + Por + PNO + 2PNo02 + PO
Hydrogen:
Py = 2pu2 + 2pon + pu + 4pcHa
Nitrogen:

Pn = 2pNn2 + Pno + PNo2 + PN
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Inert species:

Pr=pr

The following four equations can then be obtained as ratios.

RCO = Z— = ;f; (2.15)
RHO =22 - %‘)l (2.16)
RNO = 2N 77—:101 (2.17)
RIO= "L~ % (2.18)

Additional independent equilibrium equations are then added (9 having been

arbitrarily chosen here):

(1) Carbon dioxide dissociation: CO; = CO + 30,

oo - p1/2
K, = 2o Por (2.19)
Pco2

(2) The dissociation of water: H,0 = H; + 30,

PH2 " POs
K=t (2.20)
PH20

(3) The formation of the hydroxyl radical: H,O = 1H; + OH

PEs - pon
K,q = PH2 POH (2.21)
DPH20
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(4) The dissociation of hydrogen: 1H, = H

PH
I{,,,;=1—/2

P2

(5) The dissociation of oxygen: 10, =

Po
Kps = 1/2

Po2

(6) The formation of methane : 4H, + CO, = CH4 + 2H,0

2
PCH4 * Pir20

K o6 = —g——20
Pm2 - Pco2

(7) The formation of nitrogen atoms: 1N, = N

PN
Kp7 = 1—/2

Dn,

(8) The formation of nitric oxide: N, + 10, = NO

_ __Pno
Kps = 1/2 _1/2
PN2 " Po2

(9) The formation of nitrogen dioxide: N, + O; = NO,

PNO2
Kpo = 1/2
Pn2 Po2

A final equation is then obtained from the partial pressure, this being

P=ZP¢

=1

(2.22)

(2.23)

(2.24)

(2.25)

(2.26)

(2.27)

(2.28)

where P is the specified pressure of the system and p; the partial pressures.

The 14 unknown partial pressures can be solved from the set of equations

eq 2.15 to eq 2.28.
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A FORTRAN program developed by Strehlow[24] has been tested and has

been found to converge over the range
700 < T < 4700K, 25KPa< P <1MPa

3.76 < RNO < 0.00001; 0.3< ¢ <2.0
1072 < RHC < 10*%

2.5 Samples of the model’s predicted result

320
7
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P,=55 bar,T,=500 K; ~
:‘521 4
Q
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0.0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 09 1.0
Mass Burned Fraction

Figure 2.1: Predicted Combustion Results for fuel CHy(G)

The computational model described above is here called DFODES. Figures
Fig 2.1 to Fig 2.6 present some sample computational results of DFODES
which are compared with the results predicted by Tanaka’s model in which all
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assumptions are the same as in this research except that Tanaka used (1) tabular
enthalpy data, and, (2) a 12 species HCON chemical equilibrium system. In all
these numerical tests, the computations were found to converge even beyond
the original WEIN’s pressure and equivalence ratio convergent ranges, that is:
25KPa < P < 1M Pa and 0.3< ¢ < 2.0. In Fig 2.4, the results of DFODES were
based on a fuel CyosHis7(L) while those of Tanaka were based on Cy3;Hae(L).
In Fig 2.5, pressure profiles calculated by DFODES and Tanaka are almost
identical in the range of ¢ = 0.4 to ¢ = 1.0.

During the numerical testing, it was found that Tanaka’s program can only
run well when the equivalent fuel-air ratio is not less than a limit at about 0.4.
That is, ¢ > 0.4, for those fuels of interest to this research such as CH,4(G), and
C3Hg(G). DFODES does not have this limit and provides very close results
within the Tanaka program’s working range despite the fact that DFODES
is mathematically simpler and requires less CPU time. Also, DFODES has
a structure which allows it to be easily incorporated into engine calculations.

DFODES was therefore chosen for further work in this research.

It is noted that there are some discrepancies between the two burned zone
temperatures obtained from Tanaka’s program and DFODES, particularly at
high fuel-air equivalence ratios. This is believed to be mainly caused by the
different methods of Tanaka and DFODES in calculating the enthalpies of fuels.
A higher value of ¢ means that more fuel is being used. This leads to a bigger
difference between the enthalpy value of the two calculations, and therefore also
to the temperatures. In addition, the two different equilibrium assumptions
(12 species in Tanaka’s calculation and 14 species in DFODES) contribute

somewhat to further differences in the predicted burned zone temperatures.

Fig. 2.7, 2.8, and 2.9 present the maximum combustion pressure calculated
by DFODES at various initial conditions of P, ¢, and Tp for gaseous fuels
CH, and C3Hs. It is noted that an increase in Py, and ¢ leads to a linear
increase in the maximum combustion pressure. However, increase in Tj leads to

a decrease in the maximum combustion pressure. This is because the increase in
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Figure 2.2: Predicted Combustion Results of CH4(G)

the maximum combustion temperature cannot match the increase in the initial

. . . RyT,
temperature, as shown on Fig. 2.12. This causes the ratio 2% to reduce and
olo

hence the maximum combustion pressure P to reduce.

Fig. 2.10, 2.11, and 2.12 present the maximum combustion temperature
calculated by DFODES at various initial conditions of Py, ¢, and T for gas
fuels CH4 and C3Hg. It can been seen that the maximum adiabatic combustion
temperature is linearly related to initial temperature T and fuel-air equivalence
ratio ¢, while it is almost independent of the initial cylinder pressure P, for the

range of initial conditions being tested.

Comparing the temperature and pressure profiles of CH, and C3Hg, it can
be seen that the combustion characteristics of methane and propane are very
similar except that the combustion pressure and temperature of propane are

usually slightly higher than those of methane.
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Figure 2.4: Predicted Combustion Results of Diesel Fuel ( diesel fuel is assumed

to be Co.8H1s.7(L) in DFODES, and C12H36(L) in Tanaka’ model
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Figure 2.5: Predicted Combustion Results of C Hy(G)
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Figure 2.6: Predicted Combustion Results of C3Hg(G)
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Figure 2.7: Maximum adiabatic combustion pressure of methane and propane
gas at Tp=500 K, ¢ = 0.6. Predicted by DFODES.
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Figure 2.10: Maximum adiabatic combustion temperature of methane and

propane gas at Tp = 500 K, ¢ = 0.6. Predicted by DFODES.
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Chapter 3

Modelling the Spark Ignition
Combustion Processes

NOMENCLATURE
a empirical constant, -
area, area of flame front, m?

empirical constant, -

@ o >

constant

BMF Burned mass fraction,-
C constant,-
e internal energy of unit mass, J/kg, kJ/kg
E internal energy, activation energy, J, kJ
H height of combustion bomb, m
K coefficient constant, -

1 length, m
L integral length of large scale turbulence, m
m mass, kg
Mp molecular weight, kg/mol

P pressure, Pa,kPa
Q heat flow, J,kJ

r radius, m



<

z, X

zp, Xp

ideal gas constant, radius of combustion bomb
Reynold number, -

speed, m/sec

temperature, K, °C

time. second, mili-second

speed, m/sec.

turbulent intensity, m/sec

Volume, m?

specific volume, m3/kg
average specific volume, m3/kg
work, J, kJ

mass fraction, kg/kg

burned mass fraction, kg/kg
mole fraction, -

coefficient

coefficient

coefficient, rate of turbulence dissipation

7 Kolmogorov scale, m

A

U

P
0

T

v

fuel-air equivalence ratio, -
Taylor microscale, m
parameter mass, -

density, kg/m3

crank angle, degree
characteristic reaction time, sec

kinematic viscosity, m?/sec

Subscripts:

0

initial state

b burned zone state, burning
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e entrainment
f, F flame, fuel
i ignition, ignition delay
L laminar
m modelling coefficient, mean average value
O2 oxygen
T turbulence
u unburned zone state

w wall, wall impingement
Superscripts:

0 standard state of 1 atmosphere

3.1 Introduction

Since this research concentrates on dual-fuel combustion, which is essentially a
homogeneous gas-air mixture ignited by pilot fuel, it is necessary and helpful to
investigate available phenomenological models of the nearest equivalent cases.
These are the models of the conventional, homogeneous spark-ignition engine.
Those to be discussed include thermodynamic-based zero-dimensional models

and quasi-dimensional models.

In this chapter, Section 3.2 briefly describes some essential features of
combustion in an SI engine; Section 3.3 reviews those phenomenological
models that have played important roles to date in the modelling of SI engine
combustion. Section 3.4 discusses the laminar burning speed while Section 3.5
further discusses modelling of turbulent combustion in homogeneous mixtures.
Emphasis is placed on the model’s application to combustion in a constant

volume combustion bomb.
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3.2 Essential Features of the Combustion in
Spark-Ignition Engines

Figure 3.1 shows a typical SI engine cycle pressure-volume diagram. The
diagram can be subdivided into several sections. The section from point a
to point b represents the intake stroke following which the premixed charge
begins to be compressed from point b, until a certain point ¢ is reached before
TDC when the spark is discharged. The homogeneous charge is then ignited
and burns rapidly, almost at constant volume, to point d. Point d to point e
represents the expansion stroke and e to a is the exhaust stroke. Therefore, the
combustion in an SI engine is essentially a premixed homogeneous one and as
a first approximation may be assumed to be taking place at constant volume.
After ignition by the spark, laser shadowgraph photographs [19],[121] show that
the flame propagates in a roughly spherical manner, except where intersected by
the chamber wall. Schlieren photographs of the flame also show that the volume
of the flame front (that is, the reaction zone where the fuel-air oxidation process

actually occurs) is small compared with the clearance volume [19],[122].

3.3 Literature Review on Modelling the Com-
bustion in SI engines

3.3.1 Zero-Dimensional Models

Zero-Dimensional models are also known as single-zone models or thermody-
namic models. In zero-dimensional models, pressure, temperature and compo-
sition of the cylinder charge are assumed to be uniform, the thermodynamic
state of the cylinder charge is defined in terms of average properties and burned
and unburned gases are not distinguished. Zero-dimensional models consider
the combustion as a heat addition process and the mass fraction burned usually

is specified as a function of crank angle by means of Wiebe’s function:

(0 00)#

= {1 — cos[~———1]}/2 (3.1)
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Figure 3.1: A Pressure-volume diagram for an SI engine cycle

or

0-26
Xy=1- emp[—a(Tof)m“] (3:2)

where a=>5, m=2 [123], [19].

Zero-dimensional models have provided a simple approach to simulate the
engine combustion. However, they are not able to account for the chamber
geometry and flame propagation directly, and there is always a need to specify
several parameters in the heat release rate functions such as 6y, A6y, a,and m
in equations 3.1 and 3.2. Furthermore, the assumption of uniform temperature
and composition in the combustion chamber is obviously unrealistic. These

drawbacks have led to the development of quasi-dimensional models.
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3.3.2 Blizard-Keck’s Turbulent Entrainment Model (The
B-K Model)

Blizard and Keck [96] proposed this model in 1974. It considers the flame
propagation process as first, a turbulent entrainment of unburned mixture
into the front which is then followed by a laminar burn-up process with a
characteristic length scale. That is, the large scale turbulent eddy entrains the
mixture at a slowly varying entrainment speed, u., while the small eddies (with
dimension A) burn in a laminar manner with a characteristic time 7 = \/Sr.
This consideration allows the rate at which mass is entrained by the flame front
to be expressed as

me = puAf Ue
If it is assumed that the distribution of burning times for the entrained eddies
is exponential, the mass burning rate is

I
0 T

where t is the time after ignition and ¢ is a temporal coordinate. The flame

front surface area, Ay, is considered to be a section of a sphere.

This model provided a compromise between the thermodynamic-based phe-
nomenological model and the fluid-dynamic based multi-dimensional model by
making use of the fundamental physical quantities of eddy size and turbulence
intensity. It also raised the concept of a turbulent entrainment model for the
first time. However, the model failed to predict the affect of equivalence ra-
tio no the combustion duration, and it did not account for any changes in the

turbulent field ahead of the expanding flame front.

3.3.3 Blizard-Keck-Tabaczynski (B-K-T) Model

The quasi-dimensional model often referred to as the Blizard-Keck-Tabaczynski
model is a modification of the B-K model. The B-K-T model was developed
first by Tabaczynski et al in 1977 [97] and was further refined in 1980 [124]. This

model heavily depends on the structure of the turbulent flow field and has been
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extensively used for homogeneous spark-ignition combustion and more recently

for direct injection combustion.

The turbulent eddy structure

In order to construct a turbulent combustion model for a spark ignition engine,
Tabaczynski et al [97] first assumed that the turbulence in a spark ignition
engine has the same structure as that observed in plane shear flows [97] as shown
on Figure 3.2. There are several important length scales in this structure, these

being

L ,the integral length, which defines the size of the large scale turbulence

structure;

n ,the Kolmogorov scale, which defines the dissipation length scale. It is
also the scale of the vortex tubes (Figure 3.3)

A ,the Taylor microscale, which defines the spacing of the vortex tube
(Figure 3.3)

Turbulent quantities as functions of engine geometry and operating

condition

From the time of combustion initiation by the spark until the point at which
1% of the fuel mass has been burned, the turbulence intensity, u’, is assumed
to be a linear function of engine speed and independent of the spark timing,.
The integral length scale, L, is assumed to be proportional to the instantaneous
chamber height. After that point, the turbulence structure in the unburned gas
ahead of the flame front is governed by conservation of angular momentum of

the individual eddies.
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Figure 3.2: Turbulence Structure in the B-K-T Model

Governing equations

By making use of the entrainment model conceptualized by Blizard and Keck
[96], the rate at which mass is entrained by the flame front is given by

dm,

dt
For variable density flows, Ricou and Spalding [138] suggested that the

= pyA.u. (3.3)

entrainment velocity u, should be modified by multiplying by a factor (py/p.)"/2.

Equation 3.3 therefore becomes

dm,
- = VPoPuActe (3.4)

The rate at which mass is burned can be regarded as the mass in the burning
zone consumed during the characteristic burning time. This mass is itself the
mass entrained minus that burned. Hence,

dmb _ me — my
a7 (35)

By applying the assumption of angular momentum conservation for each

individual eddy, the turbulence intensity, u’, and the integral scale, L, can be
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Figure 3.3: Structure of the “Vortex Tube” in the B-K-T Model

given by
u' = "’r(Pu/Pu,r)lls (3.6)

L= Lr(pu,r/Pu)l/3 (3.7

Here u] and L, are the turbulence intensity and the integral scale, respectively
and are arbitrarily defined as at the instant when 1% of the mass fraction
has been burned. The assumption of conservation of angular momentum for
rapidly compressed gases being used here is known as the rapid distortion
theory and has been used for modelling turbulence in contractions such as
the converging sections in wind tunnels. In effect this assumption implies
that leaner mixtures or dilute mixtures will burn slower than mixtures near
to stoichiometric. This is because the initially slower flame speed in the former
will result in less compression of the turbulence in the unburned gases further

reducing the relative burning rate.

The characteristic reaction time, 7, in equation 3.5 was first defined as
the time taken to burn the mass of an eddy of size equal to the integral

scale, L. However, this definition was amended later in the refined model.
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The entrainment surface, A., is, as with Blizard and Keck in [96], assumed
to be a spherical section in a right circular cylindrical combustion chamber.
When calculating the laminar burning speed, S, a correlation proposed by

Van Tiggelen was employed , this being
E
SL=K C'm[Y1r3'~Yo"zefvp(—RT)]O'5 (3.8)

where
Cn =\/m is the mean molecular speed of chain carriers whose mean
molecular weight is Mp;

Yr mole fraction of fuel molecules in the unburned mixture;

Y02 mole fraction of oxygen molecules in the unburned mixture;
a =reaction order with respect to the fuel;
b =reaction order with respect to the oxygen;
E =activation energy;

Trm =Ty + 0.74(TP — T,) which is the mean temperature of the reaction zone

For all hydrocarbons, it is found that a+b=1.

However, there are many empirical equations for S;, and Eq.3.8 may be

replaced by any appropriate correlation.

Thermodynamic model

This model assumes that the mass of burning gas is small compared to the mass
in the cylinder, thus

Vim = zyvp, + (1 — z3)0,

E/m = z4&, + (1 — zp)e,
The average internal energy and specific volume of the unburned or burned gas

is computed based on the average unburned or burned gas temperature and

pressure.
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Refinement of the B-K-T model [124]

This refinement clarifies the model in that it assumes an instantaneous burning
occurs within the dissipative region which is of the order of the Kolmogorov
scale, 7, as shown on Figure 3.3. Ignition sites propagate at the speed of
u’ + Sp while the charge behind the propagating front burns up with a laminar
burning speed, Sr. This burning process is depicted in Figure 3.4 and the

equations governing the burning process are modified accordingly.

dm,
;’: = pude(t + S1) (3.9)

dmb _ me — My
= (3.10)

Here the characteristic reaction time, 7, has been redefined in term of the Taylor

microscale )\ as

r=\/SL (3.11)

This permits a flame to continuously develop after ignition. It should be pointed
out that this is one of the most important advances of this more refined model
over its predecessor. That is, the original model used two separate sub-models
to calculate the burned mass fraction, these being a “fully developed flame”
model for the “fully developed flame” period and an “ignition delay” model
for the “ignition delay” period. In the “fully developed flame” period, the
characteristic reaction time, 7, was defined to be the time required to burn the
mass of an L size eddy. The “ignition delay” period was defined as the period
of time in which the first 1% of the fuel mass is burned. This ignition delay is
assumed equal to a characteristic time 7, which is correlated by Tabaczynski

et al as

my = C(L/u')"*(\/S1)* (3.12)

In the refined model, 7 as defined in Eq. 3.11 applies over the whole burning
period. The refined model also employed the correlation proposed by Hires et
al [98] to obtain the turbulent flame speed. This is

3 = (/S (pul o (W L) (3.13)
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It assumes that the turbulence field is isotropic and homogeneous at the time

of ignition. Thus

ML= C,(“'TL)-“5 (3.14)

Figure 3.4: BKT’s Small-Scale Turbulence Flame Model

Several empirical constants in this model have also been determined by
comparing the model’s prediction with engine experimental data. It is found
that this model gives good agreement with the experimental data for variation in
EGR, engine load and speed, and air/fuel ratio. However, it is highly dependent

on correlations for Sz, A, and u’.

3.3.4 Hires-Tabaczynski H-T Quasi-dimensional Model

The burning process may be considered as a flame front area propagating
through the unburned mixture at a turbulent flame speed. Hires et al [98]
proposed an approach to link the rate of burning with the fundamental
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physical quantities, these being turbulence integral scale, turbulence micro-

scale, turbulence intensity, and laminar burning speed.

Hires’ model [98] is an extension of the B-K-T model and is based on the

following assumptions:

1 Turbulent eddies are essentially spherical and the ignition of gas within

an eddy occurs at its centre;

2 After ignition, the flame propagates along vortex tubes at a rate deter-
mined by the sum of the turbulence intensity u’ and the laminar burning

speed Sr;

3 Each micro-cell of dimension A burns at the laminar burning speed S;.

Thus it burns up with a characteristic time:

T=A/SL

4 The size of the micro-cell which is the Taylor microscale, ), is a function
of the turbulence Reynold Number, u'L/v, based on isotropic turbulent
theory. L is the turbulence integral length scale and v is the kinematic

viscosity.

The “effective flame front” is defined as that which divides the fully burnt
charge from the unburned. This effective flame front moves at a rate relative
to the unburned charge as specified by L/7. The rate at which mass is burned

is then given as:

dmb
2 = puA (L))

in which my, p,, and A; represent the instantaneous value of the burned
mass, unburned density, and effective flame surface area, respectively. The
characteristic reaction time, 7, is evaluated by the same method as for the

ignition delay time in the B-K-T model, this being as given by equation 3.12,
T o (L/u")/3(\/SL)H? (3.15)
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As in the BKT model, turbulence intensity and integral scale are calculated
by assuming that the turbulence intensity and integral scale of the unburned
gas are governed by the conservation of angular momentum of the individual
eddies. That is
u' = ul(pu/pi)/® (3.16)
L = Li(pi/ pu)'/® (3.17)

Subscript “ i ” refers to quantities evaluated at the end of the ignition delay.

The turbulent flame speed, defined by St = L/7, can then be linked to the
four fundamental turbulent flow field quantities: Sg,u’, L, and A, by using the
relationship for A, 7, and L implied by equations 3.15, 3.16 and 3.17. This
gives

St

3, = C(u'/SL)*(pu) pui)°(W'L/v)'/?
L

in which C is a constant determined by experimental data for a given engine

configuration.

Application of this model to a given engine configuration requires two
empirical constants that are invariant when the operating conditions are
changed. While the model provides good agreement for the ignition delay and
the combustion duration when compared with experimental results obtained
over a variety of operating and design conditions (e.g. engine speed and load,
spark timing, EGR, air-fuel ratio, and compression ratio) given by the authors
and the shape of the burned mass fraction curves obtained from other work,
this model’s definition of the “ignition delay” period as one percent of the total

cylinder mass being burned is arbitrary.

3.3.5 B-R-K’s Eddy Burning Model and Its Modification

Using measured data and optical observations of engine tests, e.g., the mass
fraction burned, flame propagation and geometry, and cylinder pressure trace,
Beretta et al modified the B-K-T model to account for the initial expansion

of the flame front which is close to that of a laminar flame [125], [122]. This

model contains three parameters in the burning equations: the laminar burning
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speed S, a characteristic speed ur, and a characteristic length 7. The burning

equations were expressed as:

dmb _ M
= pdsSp+ b (3.18)
dp _ p
i pulAsur — ™ (3.19)

where y is a “parametric mass” defined by u = m,—m;. and Ay is defined as a
spherical flame front area with a radius r; containing the enflamed volume V;.
The term p represents the unburned mass entrained behind the flame front,

that is, u = pu(Vy — V;). Beretta et al concluded from their experimental

observations that ((;/f;zb)) is equal to a characteristic length lr which is
L —
defined as I = 7,S. That {s
Vi-Vy I
A—A;, T

Here Ay is a laminar burning area. Thus

=M — My = pu(Vf - V'b) = PulT(AL - Af)

The characteristic length T can be computed by an empirical correlation
I = 0.8L,-,,(%)3/4

where L;, is the valve lift and p; is the inlet density. The characteristic speed,
ur, is defined by

LT = UrTh (3.20)

which again can be computed by an empirical correlation
ur = o.osai(%)o.s (3.21)

Here L7 in equation 3.20 is the characteristic turbulent flame thickness; and ;

in equation 3.21 is the mean inlet gas speed.

Equations 3.18 and 3.19 are similar to those previously proposed by Blizard
and Keck[96] but contain the important additional term p,A;Sy in Eq. 3.18
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to describe correctly the dependence of the initial burning rate on the laminar

speed Sf.

In order to provide a clear physical meaning, this empirically-based model
was further modified by Keck, Heywood, and Noske in 1987 [126]. In the
modification, a term of the type (1 — e~*™) was introduced to equation 3.19
in order to explain the initial flame growth before time 7,. Although this
equation is arbitrary, it provides for a more rapid growth in entrainment as the
combustion proceeds. This fits the observed data. Thus the burning equations

become

dmp 2
o= pudsSi+ B (3.22)

s _
da ™
where 7, = [, /Sy is the burning time of the first eddy burned. A, is a spherical

Apur(l —e7) — Tﬁb (3.23)

burning area determined from the burned gas volume V.

Heywood offered the interpretation that the term u = m., — m, is the
unburned mass within the entrained region, that the first term in the right
hand side of Eq. 3.18 represents the laminar (diffusive) propagation forward of
the approximately spherical front of the “thick” turbulent flame and that the
second term represents the burning of mixture entrained within this flame front.
In Eq. 3.19, the first term in the right hand side represents turbulent convection
of the unburned mixture across the spherical flame front and the second term
represents the mass burning rate of entrained but unburned mixture contained
within the “wrinkles” and “islands” (Figure 3.5) while the exponential term
within the brackets indicates that a time of about 7, is required before the
initial spherical and approximately laminar flame sheet develops into a turbulent
flame. This physical process is depicted more clearly on Figure 3.5. The
approximately spherical front of the “thick” turbulent flame (dashed line)
diffuses outwards at the laminar burning speed Si. Fresh mixture also crosses
this front at a characteristic velocity ur due to turbulent convection. 6 in
Figure 3.5 is a reaction-sheet thickness, and Ir is the characteristic scale of

wrinkles in the sheet.
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Figure 3.5: “Thick” Turbulent Flame Implied by Keck et al’'s Model

This model’s burning law equations also imply four important limit situations

as follows

1. For a quiescent mixture, ur — 0 or It — o0o. The flame should then

propagate at the laminar flame speed. Thus the burning speed

Sp— SL

2. Initially, as t = 0 and u = m, — m; — 0, from Eq. 3.22, it can be seen

that

dm,
5 PuAbSL

Comparing this with the definition of burning speed that S, = %, one
can then obtain

Sy — St

This also can be understood as the initiation of a flame propagating at

an approximatively laminar flame speed.
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3. For a quasi-steady state, du/dt ~ 0,

Sy >~ ur+ S

4. The final burning stage after the flame front reaches the wall is,

M _ (t-ta)in

my(ty)
Here, t > t,, (when Ay — 0),

These limiting expressions were suggested by the experimental data and were

used in determining the form of the empirical equations 3.22 and 3.23.

3.4 The Laminar Burning Speed
3.4.1 The Definition of S

As indicated by the equations in Section 3.3, the laminar burning speed, Sy, is
an important characteristic for studying in-cylinder premixed combustion. Sy, is
defined as the velocity relative to and normal to the flame front and is that with
which unburned gas moves into the front and is transformed to products, under
laminar flow conditions. Under engine conditions, the laminar flame thickness
is negligible, and thus the laminar burning speed is given by

dmb/dt
Sy = ————
- Agpu

For a given fuel, Sy is a function of the fuel/oxidant ratio, the fraction of inert
material in the unburned gas, the unburned gas temperature T, and the pressure
P. In spark-ignition engines, equivalence (fuel/air) ratio ¢ and the mass fraction
of residual gases, F, are the appropriate measures of the fuel/oxidant ratio and
inert gas fraction. Thus

St =8c(P, Ty, ¢, F) (3.24)
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Various forms of the functional relationship have been proposed and wide
variation of experimental data have been reported even for conventional fuels

like methane and propane.

3.4.2 Dependence of S} on fuel/air equivalence ratio

S? represents the value of Sp at T, = 298 K, P= 1 atm with no residual gas in
the mixture. That is, SY(¢) = S,(1,298,4,0) if Sy, is expressed as in Eq. 3.24.

Figure 3.6 is reproduced from Ref.[127] updated to including some recent
data from [128] and [129]. Amongst these experimental and numerical results,
Yu et al’s result has moderate values and covers a relatively wide range of
¢. Therefore it was chosen for use in the present modelling. For the purpose
of programming convenience, the author has developed a nonlinear regression
function for Yu et al’s experimental data for a CH4 and air mixture by using

the Gauss-Newton least-squares method, this being given in Eq. 3.25 as

St.cua($) = a1+ a28" + a3” + ay6” (3.25)

where, 0.55 < ¢ < 1.55; and a;=-2.2677E+4 ,a;=3.5219E+4, a3=-1.2518E+4,
as= 1.4162E+1; and b,=9.0328E-2, b,=2.4091E-1, b3=-3.3885E0. Residual

error of this equation is

o= (5;— SLona(#:))* = 0.08382

For other fuels like propane, ethanol, isooctane, and gasoline, experimental

data have been fitted [19] to
S2(#) = Bm + By(¢ — ¢m)* (3.26)

Table 3.1, gives the values of regression constants B,,, Bs, and ¢, for several

fuels.
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B, By
Fuel ém cm/s cm/s
Methanol 1.11 36.9 -140.5
Propane 1.08 34.2 -138.7
Isooctane 1.13 26.3 -84.7
Gasoline 1.21 30.5 -54.9

Table 3.1: Parameters for S;, Equation

3.4.3 Dependence of S; on pressure, temperature and
residual gas fraction

The functional relationship given by Eq. 3.24 has been expressed in various
formats. These are reviewed in Reference [130]. Many of these formulae were
obtained from correlating measured data, others were based on simplified chain-
branching theory. The computing code used in the present research has been
designed so that a user can choose any one of the following calculation formulas:
power law [19], Kuehl’s formula [164], Ohyagi’s correlation[131], and ODES!

correlation.

1ODES, the Otto Diesel Engines Simulation, is an engine simulation package developed by
F.J. Wallance & Associates. Version 1.0 and 1.1 were written in FORTRAN programming
language.
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gaseous fuel a B
C3Hs, CsHys, CH30H | 2.18 —0.8(¢ — 1) | —0.16 + 0.22(¢ — 1)
08.26H15.5 2.4 — 0.271¢3'51 —-0.357 + 0.14¢277

Table 3.2: Index of power law S,

St in the form of a power law

For propane (C3Hs), isooctane (CgHyg), methanol (CH3OH), and gasoline (
Cs.26H1s.5 ), the laminar burning velocity Sp at any unburned gas temperature

T, and pressure P can be expressed in term of S} as:
T, P
= §o(=2)o(—)P
St = Si( To) (Po) (3.27)

where a and 8 are functions of ¢ as given on Table 3.2 [19]. For methane

(CH4)7

Sy = S(Lxye (3.28)
PuO

the subscript “ s ” indicating that the unburned gas is compressed isentropically.

The value of € is recommended as 0.17-0.19.

Kuehl’s correlation

Kuehl’s correlation[164] for propane is

_ TT84(Py/P)*®
O+ P

SL (3.29)

This was obtained from tests on propane/air mixtures for a 0.1 - 1.0 atm

pressure range, and for ¢ = 1.1.
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Ohyagi et al’s correlation

Ohyagi et al’s correlation [131]
E 1 1
Sy = So(LYeerpl o (— — — _
L SL(puO) ewp[2R(Tbo Tb)] (3 30)

was used in their own SI engine combustion simulation program. Here R is the
universal gas constant. Empirical constants were taken as E = 491M J/kmol ;

a = —0.4, S = 0.316 m/s; puo = 1.05 kg/m? and Ty = 2440 K.

ODES?’ correlation

The formula used in ODES is a modification of Kuehl’s correlation. As the
original Kuehl formula was obtained for the condition of 0.1 - 1.0 atm pressure

and ¢=1.1, this formula should only be used for the similar conditions.

7800( %)—0.09876

SL = 7000 + 200)4.938 (3.31)
T Tu

Fig. 3.7 and 3.8 shows a comparison of these four Sy, calculation formulas for
propane at ¢ = 1.0 and ¢ = 0.5 respectively. It should be noted that not all
of these formulas are valid at the selected testing conditions. Generally, the
formula proposed by Heywood in [19] (the power law format) includes more
fuels and is valid for wider pressure and fuel-air equivalence ratio ranges than
the others. It also gives better result in combustion calculations. Therefore,
unless otherwise specified, computational results in this study are obtained by

employing that formula to estimate the laminar burning speed.

Once the laminar burning speed S; had been decided by one of these
aforementioned formulas, the additional effect of burned gas appearing in the

unburned mixture ( i.e. the residual gases fraction ) can be estimated by [19]
Si(Fs) = Si(F = 0)(1 — 2.06597) (3.32)
where 7, is the mole fraction of residual gases in the unburned mixture.
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Figure 3.7: The development of the laminar flame speed in the combustion of
a propane-air mixture at Py=2 MPa, T;=500 K, and ¢=1.0

3.5 Turbulent Flame Propagation in Homoge-
neous Mixtures

3.5.1 Some developments of the B-K-T turbulent flame
model

Daneshyar et al [132] and Hill [133] demonstrated the validity of Tabaczynski et
al’s hypothesis of small-scale turbulence on the flame propagation in SI engines
basing their analysis on both the isotropic turbulence theory and experimental
results which included measurement data and shadowgraphs in engines as well
as a combustion bomb. Important turbulent quantities, such as the integral
scale, micro-scale, turbulence intensity and turbulent flame speed were further
analyzed under typical engine and combustion bomb conditions. Some of their

results are summarized as follows:

— The integral scale L during the combustion period is of the order of the

combustion chamber height. (From two-point spatial correlations of LDV
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Figure 3.8: The development of the laminar flame speed in the combustion of

a propane-air mixture at Py=2 MPa, T,=500 K, and ¢=0.5

measurements Fraser et al[165] estimated L as being about one-fifth of
the minimum clearance height at tdc);
— The turbulence intensity, v/, is estimated as

03 < u' < 0.7 m/sec ( fan motion generated turbulence in the

combustion bomb used in their experiment);
1.0 < v’ < 2.0 m/sec ( engine with an unshrouded valve );
4.0 < v’ < 6.0 m/sec ( engine with a shrouded valve );

— The turbulent flame speed, S, under the conditions of Ry = u'L/v >
1000 and u'/Sy, > 10, is

St=SL+Cu (3.33)

where, C =2.0+0.1 ;

— The kinematic viscosity of the unburned mixture towards the end of

compression was found to be v ~ 6 x 1078m?/sec;
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— The Taylor micro-scale, A, can be estimated for homogeneous isotropic
turbulence. For local isotropic turbulence [166], the rate of disappearance

of turbulent kinetic energy due to viscosity is given as

where the velocity v = (ve)/4 is the Kolmogorov velocity. The above

relationship implies that

Therefore, the Taylor micro-scale can be given as

A = V15L/RY®

3.6 The Current Model

3.6.1 The model’s assumptions

The turbulent flame propagation model constructed here is principally that of
Blizard-Keck-Tabaczynski, with modifications as given in the last section. One
further modification is that, when calculating the laminar burning speed S;,

Eq. 3.27 is used instead of Eq. 3.8. The model’s assumptions are listed as:

(1) The turbulent field is isotropic and homogeneous at the time of ignition.

(2) The turbulence intensity before ignition, u}, is determined as follows.

In the case of an engine, u; is proportional to the mean piston speed.
The conditions to be satisfied have been taken as ui = cVp with o’
falling in the range 1.0 < u! < 2.0 m/s for an unshrouded valve and
4.0 < u} < 6.0 m/sec for a shrouded valve. In the case of a combustion
bomb, where turbulence is generated by fan motion, the condition is

simply that 0.3 < u} < 0.7 m/s.
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(3) The turbulent integral scale, L, before ignition is about the order of
the instantaneous chamber height. This implies that the turbulence has

relaxed to the shape of the vessel.

(4) Ignition occurs across a highly dissipative region (of the order of the
Kolmogorov scale, ) and burning within this region is instantaneous.
However, ignition propagates along the vortex tubes at the rate of Sp+Cu’
and the unburned mixture entrained by the flame front burns up at the

laminar burning speed Sy, (see Fig. 3.4).

(5) The flame propagates spherically with the spark point as its centre and
the thickness of the flame front is negligible.

(6) After ignition, the turbulence intensity and integral scale are governed by

the conservation of angular momentum:
L = Li(pui/ p)"/°
u' = u:'(Pu/Pui)lls

(7) The thermodynamic conditions of the mixture are the same as given in
Sec.2.3 of Chapter 2.

3.6.2 The burning law

Equations of the burning law of turbulent flame propagation in a homogeneous

mixture are as follows:

(1) The rate of mass fraction entrained by the flame front is

dX, uAe
== __”mo (Cu' + St) (3.34)

where, my is the total mass of mixture, A, is the area of a spherical flame

front centred at the spark point, and C is an empirical constant.

(2) The rate of mass fraction burned is

dX, X.— X

3.35
dt T ( )
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where,

T=)/SL (3.36)

(3) The Taylor micro-scale A, in isotropic homogeneous turbulent flow is
A = v15L/RY® (3.37)

where Ry is the integral Reynolds number of the mixture, defined as

Ry =4'L/v

(4) Conservation of angular momentum gives:
L= Li(Pui/Pu)1/3 (3.38)

u' = ui(pu/pui)'? (3-39)

Burning law equations 3.34 to 3.39 in conjunction with the equations of the
thermodynamic submodel in Sec. 2.3 of Chapter 2, construct the governing

equation set for this turbulent flame propagation model.

In the next section, the computational results of this model are presented

and discussed.

3.7 Application of the Turbulent Flame propa-
gation Model to a Constant Volume Com-
bustion Bomb

Figure 3.10 and 3.11 show the computational results of a turbulent flame
propagation in an adiabatic, constant volume, cylindrical combustion bomb

for a methane-air and a propane-air mixture respectively. Because this research
is aimed at understanding of the dual fuel combustion process where the pre-
mixed fuel is gaseous, only methane and propane have been considered as fuel.
Ignition is assumed to occur at the top centre of the bomb (point O in Fig. 3.9)

and the subsequent flame propagates spherically outwards. The entrainment
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front, A., is the intersection of this sphere and the wall of the combustion

chamber, given as:

27rr} IS |
A.(rs) =14 2xr;H H<r;<R (3.40)
2nry(H —\/r} — R?) R<r;<VR*+H?

The entrainment volume behind the entrainment front, V,, is given as:

%wr? ry < H

Ve(ry) = nriH — ZH?® Har;sR (3.41)
7R + 7r?(H — ') — Z(H? - r?) R<r; <R+ H?

where 7 is the flame front radius, r’ = ,/r? — R? and it is assumed R > H.

Figure 3.9: Schema of spherical turbulent flame propagation in a combustion

bomb with central ignition at point O.

For the calculations presented here, the combustion bomb is assumed to have
108 mm diameter and 21 mm height. The incremental rate of pressure increase,
dp/dt is proportional to the rate of burning. Therefore, a peak in dp/dt means
that the burning rate reaches its maximum. At the start of ignition, dp/dt
approaches zero. The results show that the mass entrained fraction z. is always

slightly ahead of the MBF until all charge has been burned. Comparing Fig. 3.10
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with Fig. 3.11, it is found that burning of the propane-air mixture is faster than
the burning of the methane-air mixture. This is because propane has a faster

laminar flame speed than has methane.

Fig. 3.12 shows the affects of initial pressure on the flame propagation in the
combustion bomb. The R° in the Figure is the normalized entrainment radius.
R° = 0 indicates that the spherical flame front has reached the furthermost
point of the combustion chamber from the ignition position. It can be seen that
the flame propagates faster at the higher initial pressure P, if other conditions
remain unchanged. This is because the laminar flame speed increases with the

pressure. The cylinder charge therefore burns more quickly.

Fig. 3.13 shows the affect of initial temperature on the flame propagation.
As has been discussed in Chapter 2, if Py and ¢ remain unchanged, a higher

initial temperature Ty causes a reduction in the maximum combustion pressure
RyT,
. . _ RuTo .
maximum combustion temperature is less than that of Tp. The laminar flame

because of the decrease in the ratio of . This is because the increase in

speed therefore reduces because of the lower density. This can also be seen from
the laminar flame speed equations 3.27 and 3.28. The combustion therefore

takes a longer time, as is shown on Fig. 3.13.

Fig. 3.14 shows the affect of fuel-air equivalence ratio ¢ on the flame
propagation. As Sy, is sensitive to ¢, reducing the value of ¢ prolongs the

combustion duration substantially.

Fig. 3.15 shows the affect of the turbulence intensity on the flame propa-
gation. Naturally, stronger turbulence intensity makes the flame front move
faster even at the same Sy;. Fig. 3.15 shows that flame propagation is strongly
affected by the turbulence intensity in the cylinder as the combustion duration
appears to be very sensitive to u’. It also shows that the entire cylinder charge
is entrained into the flame front before it is burned out, as indicated by the fact

that the normalized entrainment radius R° reaches 1 before the BMF does.

The current turbulent flame propagation model can also be used to study the

affect of cylinder geometry on the combustion. Fig. 3.16 shows the calculated
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results for three combustion bombs of which the diameter to height ratio r* are
0.194 (108 mm diameter, 21 mm height), 0.350 (88.8 mm diameter, 31.0 height)
and 0.500 (78.8 mm diameter, 39.4 mm height) respectively with identical
volumes of 0.1923 m3. It can be seen that increasing the value of r* prolongs

the combustion substantially.
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Chapter 4

Experiment Setup and
Procedures of A

Constant-Volume Dual-Fuel
Combustion Bomb

4.1 Introduction

As has been discussed previously, specially designed combustion devices are
useful, sometimes inevitable in the study of engine combustion. This is
particularly the case when full control and precise measurement and observation
of in-cylinder processes and phenomena are required. Many researchers have
used constant volume combustion bombs to assist their understanding of
combustion in both the SI engine and, to a lesser extent, the conventional diesel
engine. However, no reports using a combustion bomb in dual fuel combustion

research have been found.

In this chapter, a dual fuel combustion bomb experimental apparatus and
procedures for its use are presented in detail. It has been used for the present
study of dual fuel combustion. This combustion bomb was designed, developed
and constructed at the University of New South Wales [170]. It was designed
particularly for the study of gas-diesel dual fuel combustion, but can also be

run for sole diesel fuel combustion. Figure 4.1 is a view of the experimental
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apparatus and Figure 4.2 is the schematic diagram of it. The experimental
apparatus consists of four main components: the air-gas supply system, the
diesel fuel injection system, the combustion chamber and the control and data
acquisition system. These components are described in detail in this chapter.
Since the current experiments includes both diesel combustion and dual fuel
combustion which are distinct, experimental results for the diesel combustion
are presented in chapter 5 while results for dual fuel combustion are discussed in
chapter 6 and chapter 7. The principal experimental procedures and methods

of acquiring and analyzing the data are described in this chapter.

Because of the complex nature of dual fuel combustion and also because
no reference about the design and tests of a dual fuel combustion bomb
are available, many difficulties were encountered in developing the current
experimental rig as well as during the dual fuel combustion experiments. Some

of these problems are discussed in this chapter.

4.2 Research Using Combustion Bombs - A
Brief Review

4.2.1 Spark ignition bomb with normal pressure and
temperature

Much research has been carried out in spark ignition combustion bombs with the
cylinder charge being pre-set at normal atmospheric pressure and temperature
condition before ignition. This type of combustion device is usually used for

investigation of ignition and flame propagation.

Milton et al [169] measured the laminar burning velocity of gaseous fuels
in a spherical combustion bomb (the MIT bomb, which was also used in
several other projects such as [171]) which was 15.25 cm inside diameter with a
central ignition system. The combustible mixture was prepared directly within
the combustion bomb and manifold. The spherical flame front was checked

by comparing its arrival times at individual ionization probes, while a laser
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Figure 4.1: Views of the dual fuel combustion rig
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Figure 4.2: Scheme of the dual fuel combustion experimental rig

—

_~

1: compressed air; 2: compressed gaseous fuel; 3: air-gas supply-control panel;
4: air-gas line; 5: inlet valve; 6: digital data taker; 7: thermocouple;

8: water-cooled injector; 9: combustion bomb; 10: heater power
supply-control; 11: oscilloscope; 12: PC; 13: data acquisition board;

14: signal amplifier; 15: control unit; 16: fuel pump and rack;

17: dynamic pressure transducer; 18: fuel line; 19: outlet valve;

20: safety valve.



shadowgraph was used to obtain an internal consistency check on the flame
radius computed from the pressure transducer readings. Flame speeds of various

mixtures were investigated.

Ko et al [172] investigated the flame kernel development of a propane-air
mixture in a cylindrical, constant volume steel bomb by means of high-speed
laser schlieren photography. The bomb was 83 mm internal diameter and length
with an inductive type power source which was able to provide variable spark
power levels and discharge durations. Timing of the photographing laser beam
was controlled by an acousto optic modulator. Atmospheric pressure propane-
air mixtures were used in the experiments. An analytical model to simulate the

kernel growth was developed based on the experiment [173].

4.2.2 Spark ignition bomb with turbulence or swirl

Tanaka and Milton [180] investigated the flame propagation generated from
dual spark ignition. Experiments were conducted in a box-type vessel with
dimensions of 12¢m X 12¢m x 6.7cm. Stoichiometric propane-air mixtures were
prepared at room temperature and pressure for the experiments. Experimental
results for various dual spark locations and various time lags between the two
sparks were obtained. A theoretical method to simulate the combustion pressure
trace and the flame shape in this situation were developed and the calculation
results were found to be in good agreement with the experiment. Means of

reducing the combustion duration were also suggested.

Bradley et al [181] used a combustion bomb with fan generated turbulence
to investigated the ignition of a gaseous mixture. Different spark power-time
profiles were obtained by varying the spark discharge duration and energy level.
Methane-air mixtures at ¢ = 0.6 were used in the experiment. Ignition and
flame propagation were observed with high speed schlieren cinephotography.
A mathematical model for the ignition was presented. Calculated results of
the model were compared with the experimental observation at various spark

discharge profiles and turbulence intensities.
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Hamamoto et al [168], [174] used a constant volume vessel to investigate the
laminar burning velocity and the turbulent burning velocity of a propane-air
homogeneous mixture. The combustion chamber was a cylindrical vessel 125
mm in diameter and 35 mm deep (about 430 cm?® volume) with a central spark
ignition. The homogeneous propane-air was prepared and stored in a large
tank (1920 ¢cm?) before it was introduced tangentially to the cylindrical wall
into the combustion chamber. Swirl was therefore produced by the tangential
flow. As the swirling flow decays with the lapse of time, combustion for various
flow fields can be obtained by igniting the mixture at various times after the
mixture introduction. The pre-ignition temperature of the mixture remained
at room temperature while the pressure was varied to different values below
347 kPa. The flame propagation speed was determined from the time of flame
travel across the distance between two He-Ne laser beams and the flame front
was detected by the refraction of a laser beam due to the rapid change in the
refractive index at the flame front. The laminar burning velocity, the turbulent

burning velocity, and the burning zone thickness were measured.

4.2.3 Diesel bomb without combustion

A diesel bomb without combustion has often been used to study diesel fuel

droplet or spray behaviour.

Nishida et al [175], [176] investigated diesel spray evaporation in a high
pressure bomb with holographic technology. The cylindrical diesel bomb used in
the experiment was 150 mm in diameter and 150 mm in length with two 60 mm
diameter quartz glass windows in both sides of the bomb for optical access. In
order to avoid burning of the injected diesel, the bomb was filled with nitrogen
to 3.1 MPa. This high pressure gas was also heated to 773 K in order to simulate
the conditions in a diesel engine. A rotating plate was located inside the bomb to
stir the gas in order to obtain a spacially uniform temperature. Shadowgraphs,
schlieren photographs and micrographs were taken from the setup and spray
width and equivalence ratio of fuel droplets were microscopically measured.

Spray width was found to have a tendency to decrease as the temperature
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increased.

Elkotb et al [179] investigated droplet evaporation in a high pressure bomb
with quartz windows. Nitrogen gas was used to charge the bomb to high
pressure. The nitrogen was preheated in a 2-kW electrical furnace before it was
slowly introduced into the bomb, where heating continued by use of another
2-kW heating element until it reached 673 K. Either a single droplet or a parcel’
of droplets was produced by a centrally mounted injection nozzle (single hole to
produce a single droplet, multiple holes to produce a parcel of droplets which
simulate a fuel spray). Droplet evaporation was photographed by a high-speed
camera. Experiments were carried out for various commercial fuel and their
blends. Generalized correlations were derived for the evaporation constant. An
empirical correlation factor accounting for the droplet interaction effect on the

evaporation constant was also proposed.

4.2.4 Diesel bomb with combustion

In early research, the experimental setup for a constant volume diesel combus-
tion bomb was usually heating in a furnace. A typical example of this is that
used by Hurn et al [177]. In Hurn et al’s experiment, a cylindrical stainless
steel bomb ( 21 in. diameter, 31 in. length) equipped with a single-shot diesel
injection device, was housed in a furnace so that a uniform high temperature
was able to be obtained. The single-shot injection was effected by means of a
latch mechanism which allowed the pump plunger to stroke for only a single
cycle. Ignition delay was investigated at various pressures (up to 650 psi) and
temperatures against different oxygen concentrations and fuel characteristics

such as composition, volatility, crude-oil type, fuel additive and cetane number.

More recently, in Hiroyasu et al’s experiments [178], a cylindrical combustion
bomb (275 mm diameter, 660 mm length) contained a cubic (120 mm side
length) electrical furnace to heat the charged gas in the bomb. The spontaneous
ignition delay of fuel droplets was investigated at 0 to 40 atm gauge pressure

and 220° C to 700° C gas temperature. Ignition of the droplet was identified
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from photographs taken by a movie camera.

Fujimoto et al [162] used a constant volume combustion chamber (350 mm
inner diameter, 3.3x1073m? volume) to simulate the combustion in a diesel
engine. The diesel spray combustion process was studied by use of high speed
photography through quartz windows mounted on the bottom of the combustion
chamber. Correlations for pressure rise delay and illumination delay were
obtained respectively from the experiment. Their combustion chamber was
designed capable of being charged with air up to 8 MPa cylinder pressure. The
charged gas was able to be heated up to 800 K by electrical heating elements

set above the piston crown.

4.3 Dual Fuel Combustion Bomb Used in the
Current Research

4.3.1 Difficulties in developing a dual fuel combustion
bomb

The dual fuel combustion bomb being used in this research is essentially
a combination of a diesel combustion bomb in that the appropriate high
temperatures and pressures necessary for the ignition of the fuel spray must be
obtained and a spark ignition bomb in that a pre-mixed fuel/air mixture must
be retained prior to ignition. The unique difficulty of this kind of experiment is
that a combustible mixture must be retained in the bomb at high pressure and
temperature which is at the diesel spray spontaneous ignition conditions but
below the gaseous mixture spontaneous ignition conditions. For this reason,
the heating-temperature control and the gas filling-pressure control both need
to be especially precise. Sealing of the bomb needs to be of a high order as the
high pressure gas/air mixture must be held when the mixture is being heated.
Also, the injector has to be protected from the hot gas in the bomb so that the
fuel will not “bake” during the heating process. These difficulties do not occur

or only occur to a much lesser degree in a spark ignition or a diesel bomb. This
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is because, as reviewed in the previous section, in the case of the spark ignition
bomb, the mixture in the bomb does not need to be held at a high temperature
and pressure as the pre-mixed charge is ignited by electrical spark, and in case

of diesel bomb, only air (or nitrogen, for non-combustion experiment) is used
in the bomb.

4.3.2 Design of the Combustion Chamber

The combustion chamber referred here consists of parts which are directly
assembled with the combustion unit. It excludes parts which will be described
under other systems such as the injector, thermocouple and pressure transducer.
As shown on Fig. 4.3 and 4.4, it consists of a steel combustion cylinder where the
combustion actually takes place, an upper and a lower mild steel disc, an outer
ceramic ring for thermal insulation, upper and lower steel casings which provide
the strength to withstand the high combustion pressure, two electrical heater
elements which are attached on the side wall and bottom of the combustion
cylinder respectively in order to provide heating of the cylinder charge, a small
air circulation device, quartz windows to allow visualization tests if required,
an inlet and an outlet valve, the nozzle seat to mount the diesel injector and a

safety valve to release high pressure which may damage the experimental rig.

The combustion cylinder is designed to have the dimension of a typical large
truck diesel engine near its top dead centre position, being 108 mm bore and
28 mm height originally. After placing an additional heating element at the
bottom, it reduces to 21 mm height. Designed maximum working pressure of
the bomb is 6MPa at 2250°C.

Partially stabilised zirconia (PSZ) was chosen as the material for the ceramic
liner of the combustion chamber because of the high strength, high coherence
and low thermal conductivity requirement. In the original design, ceramic
liner discs were also used on the top and bottom of the cylinder in addition
to the outer ring. However, one of these ceramic discs was damaged in another

experiment [163] because, in the heating test the thermal expansion and growth
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l:upper casing; 2: safety valve; 3: lower casing;

4: outlet valve; 5: inlet valve; 6: nozzle seat; 7: quarts window.

Figure 4.3: Outside view of the combustion chamber.

of the material proved to be different from the anticipated values. Two mild
steel discs were then substituted, insulted by asbestos fibre.

Originally, only one 1000 watt heating element was used around the outside
of the combustion cylinder. This heating element (coil) was wrapped in a sheet
metal ring which was filled with ceramic, castable adhesive to attach it onto the
side wall of the cylinder. That heating arrangement was found to be insufficient
because it took a very long time to heat up the in-cylinder mixture [163] (it took
about 1 hour to obtain 300° C in the cylinder). An additional 630 watt heating
coil was therefore placed on the bottom of the combustion cylinder covered with

a ceramic paper gasket-grooved steel disc. A small air circulation device, which
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1: air circulation device; 2: upper casing; 3: ceramic ring; 4: lower casing;

5: heating coil; 6: lower mild steel disc; 7: upper mild steel disc; 8: cylinder.

Figure 4.4: Inside view of the combustion chamber.

93



was driven by an oscillating solenoid valve, was used to generate circulation of
the in-cylinder mixture. This provided a very low turbulence intensity. After

this modification, heating of the mixture was very much improved.

Three small quartz tapered windows were mounted on top of the combustion
chamber to allow flow and combustion visualization. The bomb is mounted
with one inlet valve for introducing air and gas, one outlet valve for the exhaust
of combustion products. A safety valve is incorporated which will burst and
release the pressure when pressure exceeds 8.6 MPa. This device prevents the
bomb being damaged from high explosive pressure which may occur during
some combustion tests. A water-cooled fuel injector is mounted on the centre
of the upper casing of the combustion chamber. Additional information on the

combustion chamber can also be found in the BE thesis by Jackson [163].

4.3.3 Design of the Single-Shot Diesel Injection System

The injection system consists of a fuel pump and a motor that drives the pump,
the fuel pipe, and a water-cooled injector as showed schematically on Fig. 4.5.
The fuel pump is converted from a Caterpillar fuel pump from an eight cylinder
diesel engine. The fuel pump is designed to deliver only one stroke per operation.
The quantity of fuel injected is adjustable manually by a fuel rack which moves
a cover to different positions over a spill port in the system. This controls the
end of injection. As shown on Fig. 4.6, the injector is a conventional Caterpillar
“pencil” type equipped with a water cooling device. The injector is linked to the
fuel pump by a fuel pipe. It is mounted on the centre of the upper casing of the
combustion chamber by a steel injector seat. This structure allows the injector
to be changed when necessary. The injector nozzle is located near the top of the
combustion cylinder perpendicularly and the nozzle holes are arranged just at
the edge into the chamber. In general, a four hole caterpillar “pencil” injector
was used in these experiments. Fuel is delivered as soon as the driving circuit

activated the solenoid.
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Figure 4.5: Principal elements of the injection system.
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1: water-cooled injector; 2: injector seat; 3: combustion chamber;
4: injection control unit; 5: motor; 6: manual fuel rack; 7: fuel pump;

8; fuel line; 9: solenoid.

4.3.4 The Air and Gas Supply

Air and gaseous fuel are introduced from a compressed air tank and a
compressed gas tank respectively via high pressure regulators in order to obtain
the high charge pressure. A control panel ensures that air and gas are introduced
into the combustion chamber separately. The appropriate gas/air equivalence
ratio determines the partial pressures of the air so that the gas addition brings

the bomb to the correct final pressure.

4.3.5 Instrumentation and Measurement

Fig. 4.7 shows the principal elements of the control system of the dual fuel
combustion experimental rig. A set of valves in the air-gas supply control panel
manually control the air and gas being introduced into the bomb separately.
During experiments, air is introduced to the combustion chamber until the

working partial pressure is reached. Gas is then introduced after the air route
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Figure 4.6: Scheme of the water-cooled injector
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1: inlet valve; 2: combustion chamber; 3: bottom heater power supply;
4: side-wall heater power supply; 5: high pressure air regulator; 6: compressed
air tank; 7: compressed gas tank; 8: high pressure gas

regulator; 9: air-gas supply and control panel.
Figure 4.7: Principal elements of the control system.

is closed. By this method, any possible flash-back in the supply line can be

avoided.

Heating elements are controlled manually by varying the power supply volt-
age to maintain the in-cylinder charge at a required pre-ignition temperature.
The two heating elements are adjusted separately. Fig. 4.8 shows the principal
elements of the data acquisition system. Two thermocouples are plugged into
the combustion chamber. One is inside the combustion cylinder to monitor the
temperature of the in-cylinder air or air-gas mixture, the other is inside the coil
of the bottom heater to evaluate the temperature of the cylinder wall. A static
pressure transducer (Kistler piezoresistive absolute pressure transducer Model
4201A-100 bar) is mounted in the combustion chamber to measure the cylinder
pressure before injection. Temperature data are read from digital data takers
connected with thermocouples. The static pressure data are read from a digital

data taker connected to the static pressure transducer via an amplifier.

A dynamic pressure transducer (P.C.B. 112A04 high temperature piezoelec-
tirc 500 psi transducer) is mounted to the combustion chamber in a water-cooled

adapter and is linked to an oscilloscope via an amplifier. Simultaneously, ampli-
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Figure 4.8: Data acquisition system.

1: static pressure transducer; 2; digital data taker; 3: combustion cylinder;
4: fuel pump; 5: injection control unit; 6: data acquisition board; 7: PC;
8: oscilloscope; 9: signal amplifier; 10: fuel line; 11: dynamic pressure

transducer; 12: thermocouple.
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fied signals from the dynamic pressure transducer are also stored and displayed

by an IBM PC compatible 386SX computer via a data acquisition board.

The data acquisition board used here with the PC is a RTI-860 high-speed
simultaneous data acquisition board which can be plugged into one of the
extension slots of the IBM PC AT compatible machine. It is high-level language
programmable, providing 16 single-ended channels of analog input and A/D
conversion resolution of either 8 or 12 bits, sample-and-hold capability for up
to four analog inputs simultaneously and on-board RAM to allow up to 256K
samples to be acquired. It can also be triggered by various methods including
that used in the current experiment, which is an analog voltage originating from
an input channel. The RTI-860 also supports a pre-trigger mode of operation
that allows a predefined number of data samples to be stored in a circular buffer
prior to receiving a trigger. All these features of the data acquisition board
enable the entire history of the dynamic pressure of the combustion cylinder
and the fuel line to be recorded at the required sampling frequency following
an appropriate triggering signal level. Both frequency and triggering level
are predefined programmably according to the requirements of each particular

combustion experiment.

The start of injection is detected by a delay circuit in the control unit. As
soon as injection is detected, the control unit triggers the oscilloscope and the

data acquisition board.

4.4 Injection Characteristics of the Injector

The injector used in the current experiment is a caterpillar “pencil” type injector
with four horizontal nozzle orifices. Nozzle orifices are 0.0203 mm in diameter,
and 0.0605 mm in length. As the injector is located perpendicular to the top

wall near the top of the cylinder, the fuel jets are delivered horizontally.
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4.4.1 Shape of the spray

Fig. 4.9 are photographs taken from the injector under room temperature and
1 atm pressure showing the development of the spray without combustion.
Fig. 4.10 shows a close view of the diesel spray jet of the current injector.
It can be seen that it is reasonable to assume that a conical spray jet exists for

the phenomenological modelling of diesel spray combustion.

Figure 4.9: A view of the developing non-combustion diesel spray in the present

rig.
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Figure 4.10: A close view of an approximate conical diesel spray

4.4.2 Injection Quantity, Measurement Error and Fuel
Line Pressure

Injection quantities over a range of fuel rack settings were measured before
the injector was assembled within the combustion chamber. Table 4.1 shows
the injection quantity at various rack setting as average values taken from 20
shots. It should be pointed out that the current injector is not particularly
designed for low fuel injection rates. That is, there appears to be some obvious
unrepeatability in the injection. This can be best verified by the corresponding
fuel line dynamic pressure diagram. Fig. 4.11 to 4.16 show the dynamic pressure
diagrams which are recorded from the fuel line for various fuel rack setting.
Each figure presents two pressure diagrams which were the maximum deviation
recorded under the same working condition for a corresponding fuel rack setting.

Generally, the deviation of the fuel line pressure (peak value) émqz, was within
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fuel rack position | injection quantity (mg)
21.4
17.9
14.5
11.0
7.6
4.1
0.04

DOt |WIN|—P|O

Table 4.1: Injection quantity of the current injector

20%. At extremely low flow rate (rack setting 4), the maximum deviation
observed, was 80%. The devration of the average fuel line pressure over the
injection duration, 6,, is therefore estimated generally below 20%, with the
extreme not more than 80%. According to the conventional formula for the

mass flow in an incompressible fluid, the mass of pilot fuel is

m=m-t=A-v-p-t=CyA(\/2pAP)t

From the measurement error theory, the deviation of the injection quantity, é,,,
is therefore estimated to be about half of 6,, making it generally less than 10%
and in the extreme not more than 40%. The exact quantity of a particular
injection needs to be further adjusted from the energy balance calculation,

particularly in the phenomenological modelling.

4.5 Cylinder Pressure Trace, Acquisition and
Methods Analysis

4.5.1 Data acquisition

Diagrams of the dynamic cylinder pressure measured for the combustion of

a sole diesel fuel and diesel-NG dual fuel are collected in Appendixes C
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Figure 4.11: Fuel line pfessure of injector at rack setting 0

and D respectively. Typical examples are shown on Fig. 4.17 of dual fuel
combustion and Fig. 4.18 of sole diesel combustion. The entire combustion
process is recorded over some 630 data points. The time interval for data
recording is predefined, varying from 100 micro-seconds to 1000 micro-seconds
programmably to suit the entire combustion duration (including the ignition
delay period). Most of the combustion was complete within 300 milli-seconds
with the exception of some dual fuel combustion for which the entire combustion
process exceeded 400 or 500 milli-seconds. This is because the corresponding
ignition delay period could be as long as 150 or 200 milli-seconds. In order to
reduce random measurement error, experiments were usually repeated several
times for each working condition if deviation in the pressure traces were
significant. In correlating empirical formulae, all individual data samples were

taken into account instead of considering only their mean values.
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Figure 4.12: fuel line pressure of injector at rack set 1

4.5.2 Determination of the Ignition Delay

Pressure traces of both sole diesel and dual fuel combustion have been obtained.
They will be discussed in detail later. However, some are used here to
highlight methods of analysis. In the current investigation of combustion in
a constant volume vessel, ignition delay is defined as the pressure rise delay. As
described before, the entire combustion process including the ignition delay is
recorded through the cylinder dynamic pressure trace. It is therefore possible to
determine the ignition delay period from the pressure trace diagram. Pressure
rise delay for both diesel and dual fuel combustion in the present constant
volume combustion bomb is measured graphically based on the dynamic
cylinder pressure diagram. The graphical methods used here can be explained

by the following two examples:
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Figure 4.13: Fuel line pressure of injector at rack setting 2

Part A of Fig. 4.17 is a typical dynamic cylinder pressure trace diagram of
dual fuel combustion. This pressure trace was plotted based on the recorded
digital data. The diagram can be enlarged and replotted by a computer graphic
package such as GNUPLOT so that the pressure rise delay period is distinct
from the following rapid pressure rise caused by the ignition of the mixture.
This is as shown on Part B of Fig. 4.17. The data recording is triggered by
the injection and the disturbance near the original point indicates the point
of the injection. The recording speed was predefined as two data points per
milli-second. A substantial, rapid pressure rise begins at the point when the
time equals 38 ms. This pressure rise is significantly different from the pressure
disturbance caused by the injection of fuel. It is therefore considered to be
caused by the ignition of the mixture. Hence, the ignition delay is evaluated to
be 38 ms.
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Figure 4.14: Fuel line pressure of injector at rack setting 3

Similarly, Fig. 4.18 is an example for diesel combustion in the bomb. Data
reading speed is here set to five data points per milli-second. The ignition delay

is evaluated to be 7.0 ms.

Correlations of empirical formulae for all these ignition delays recorded are

discussed later in Chapters 5 and 7 respectively.

4.6 Discussion

Despite the fact that successful combustion experiments have been carried out
for sole diesel fuel and diesel-gas dual fuel respectively, many difficulties were
encountered during development the experimental setup as well as during the

experiment.
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Figure 4.15: Fuel line pressure of injector at rack setting 4

Visual tests of the spray and combustion inside the combustion chamber have
not as yet been successful because of insufficient window area to provide the
necessary light and field of view for photography. It was also inhibited because
the quartz windows are easily dirtied by the combustion. Appropriate lighting

of the chamber will need to be considered in the future.

Leakage of air and gas from the combustion cylinder occurs during the
experiments and the pressure cannot be held constant. In order to obtain
a desired working pressure, the cylinder is usually first charged to a value
higher than the required value and then allowed it to reduce gradually. Leakage
rates vary slightly according to the cylinder pressure and temperature. Before
ignition, the leakage rate is measured as 0.179 and 0.233 bar/s pressure drop
at cylinder pressure being 20 and 24 bar respectively. This leakage adds to the

difficulty in the accurate timing of the injection as well as in controlling the
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Figure 4.16: Fuel line pressure of injector at rack setting 5

fuel-air ratio and diesel-gas ratio.

One of the two heating elements broke down during the experiments. This
made it more difficult to maintain a uniform initial temperature distribution
throughout the entire cylinder. Thus, the initial temperature reading may not
be very accurate. Some efforts was made to attempt to reduce this measurement
error. This included trying to reduce the power supply of the heater hoping
to obtain a temperature of the heating element which is close to the initial
temperature of the in-cylinder mixture. This attempt had only limited success
because the power supply had to be held at a moderately high level in order
to maintain a combustible cylinder temperature. The spacial variation in

temperature at various initial temperature are shown at Fig. 4.19.

Other difficulties and problems about developing the combustion bomb and
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Figure 4.17: Typical cylinder pressure trace for dual fuel combustion in a

milli-second. (A) shows the entire combustion process, (B) shows the ignition

constant volume combustion bomb. Data are recorded at two points per

delay period.
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